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ABSTRACT 

The climate change induced weather uncertainty has increased the environmental 

extremes such as severe droughts and floods affecting volumetric soil moisture content 

(θ), thus food security. It also has increased the weather uncertainty, such as colder 

winters and hotter summers with increased diurnal temperature differences. Atmospheric 

temperatures play a major role in the determination of soil temperature, where increased 

variability can affect plant growth, development, and crop yield.  

Although CC can affect soil moisture dynamics and soil thermal properties, they 

are among the least studied areas related to CC. The objectives of this study were to 

evaluate the CC and tillage effects on the soil moisture dynamics and soil thermal 

properties of a corn (Zea mays L.) cropping system. The study was conducted at the 

Elsberry Plant Material Center - USDA, Missouri, USA, with 1) no-till cover crop (NC), 

2) conventional till no cover crop (CN), and 3) no-till no cover crop (NN) treatments. A 

three species CC mixture including cereal rye (Secale cereal L.), crimson clover 

(Trifolium incarnatum L.), and daikon radish (Raphanus sativus L. var. Longipinnatus) 

was established in the NC treatment in 2019 (first CC establishment).  Spectrum 

Technologies Water Scout SM100 soil moisture sensors were installed at 5-, 10-, 20- and 

40-cm soil depths to monitor changes in volumetric soil moisture content (θ) in 15 min 



   

 

x 

 

intervals throughout the study period, and a soil moisture calibration was conducted to 

adjust sensor readings. Numerically and significantly higher θ values were observed in 

the CN treatment than NC and NN at first three depths during most of the study period. 

The NC treatment maintained higher θ than NN at all the studied depths during different 

growing periods, which were significant during some weeks.   

For the soil thermal study, a fourth treatment, grass (G) was used other than NC, 

CN, and NN, which was under side oats gramma (Bouteloua curtipendula (Michx.) 

Torr.). Soil core samples (7.6 cm diameter, 7.6 cm long) were collected in April 2021 for 

the soil thermal study from 0-40 cm depth at 10-cm increments (96 samples) and 

analyzed for soil heat capacity (Cv), soil thermal conductivity (λ), soil thermal diffusivity 

(α), soil organic carbon (SOC), bulk density (BD), and θ. As per the results in soil 

thermal study, NC did not significantly improve SOC, BD, or soil thermal properties, as 

the biomass accumulation by CC was not enough due to the lack of CC duration.  

According to the results, it can be speculated that long-term use of CC might 

improve soil moisture dynamics and soil thermal properties of corn cropping systems 

through improved soil organic matter and reduced BD and would be a viable solution in 

soil moisture conservation, reducing stress conditions to plants and soil microbiota 

through reducing soil heat flux. 
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CHAPTER 1 

Introduction 

The world human population has reached 7.7 billion by the middle of 2019 and it 

is expected to surpass 9.7 billion by 2050. Collectively, Northern America and Europe 

total population reached 1.11 billion by the mid-2019 and is expected to grow up to 1.14 

billion by 2050 (UN DESA, 2019). To feed the increasing global population, cereal 

yields have increased from 0.88 billion MT in 1965 to 2.97 billion MT in 2018 according 

to the World Bank cereal production statistics 

(https://data.worldbank.org/indicator/AG.PRD.CREL.MT). Through improved varieties, 

technological advances, and increased intensity of cropping (Bruinsma, 2011), yields will 

need to be increased in the future as well. The cropping intensity ratio also has increased 

from 0.8 to 0.9 from 1997 to 2017 (FAOSTAT 2019). As a result, the annual agriculture 

inputs have also has increased (Rather et al., 2017).  

Water quality, soil health, environment and atmosphere were affected by 

improved agricultural technology, machinery and usage of fertilizers and chemicals. For 

an example, according to FAOSTAT (2019), total nitrogen (all forms), phosphate (P2O5) 

and potash (K2O) fertilizer usage has increased by 34%, 40% and 45%, respectively, in 

2017 compared to 2002. Furthermore, Asia, North America, and South America accounts 

for more than half of the total global fertilizer usage. From 1990 to 2018, global pesticide 

usage has increased from 1.55 kg ha-1 to 2.63 kg ha-1, while pesticide usage in the US has 

increased from 2.14 kg ha-1 to 2.54 kg ha-1 (www.fao.org/faostat/en/#data/EP/visualize). 

The increased usage of agri-inputs has caused significant environmental degradation. 

Agricultural non-point source pollution (NPSP) is closely related to land use change, soil 



   

 

2 

 

degradation and agricultural activities which involves mainly phosphorus (P) and 

nitrogen (N) (Xiang et al., 2017). According to the Global Soil Partnership (2016), 75 

billion metric tons of soil is being eroded anually from croplands worldwide. In the USA, 

a positive trend can be seen in the reduction of soil erosion over time according to the 

Natural Resources Conservation Service (NRCS) (NRI, 2010). 

Among the many different practices used in mitigating the adverse effects of 

modern agriculture, cover cropping (CC) is becoming popular in the USA, yet with a 

slower adoption rate. According to SARE outreach (2007), farmers who have seen the 

benefits of CC are committed to make cover crops work in their farms through re-

modelling their farming systems to suit the CC growth patterns. Federal, state, and 

private organizations provide financial and technical support to promote CC among 

farmers in the USA, where the United States Department of Agriculture (USDA) has 

increased funding for CC from $5 million to $90 million from 2005 to 2016 (ERS, 

USDA; https://www.ers.usda.gov/data-products/charts-of-note/charts-of-

note/?topicId=14903). Cover crops grown on farmland acres have increased from 2% in 

2010 to 4% in 2015. The main reason for this slower growth rate is that farmers are 

looking at the disadvantages rather than the advantages of CC (Baranski et al., 2018).  

Cover crops are defined by the NRCS, USDA as crops such as grasses, legumes 

and other forbs, which are agronomically suitable for erosion control and improve soil 

structure, water and nutrient conservation, weed suppression, beneficial microbial biota, 

pollinators and predatory insect population as well as forage for farm animals 

(https://plants.usda.gov/about_cover_crops.html, accessed on 9/18/2019). Many research 
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studies had shown that CC have significant beneficial effects on soil health (Sharma et 

al., 2018), water (Unger and Vigil, 1998), and plant production (Abdalla et al., 2019).  

Previous studies have shown that CC have a significant effect on soil erosion 

control. Soil erosion is a process of detachment, transport, and the redistribution of soil 

particles due to the forces caused by water, wind, or gravity (NRI, 2010). Cover crops 

and CC residue reduce soil erosion through reduction of runoff rate (Rather et al., 2017), 

rain drop impact (Fageria et al., 2005), and wind impact (Reicosky and Forcella, 1998).  

According to de Baets et al. (2011), CC with fibrous root systems are much more 

effective in controlling erosion since they hold the soil particles stronger than CC with 

tap root systems. The amount of biomass produced by the CC plays a major role in 

erosion control, where it determines the thickness of the soil cover (Novara et al., 2011). 

Studies also indicate that CC and CC residue have a significant effect on soil 

microbial community (Fageria et al., 2005; Finney et al., 2017). These beneficial effects 

of CC have been attributed to soil C (Crusciol et al. 2015), soil physical properties and 

other beneficial changes (Reicosky and Forcella, 1998). For an example, Rankoth et al. 

(2019a) observed that total microbial, fungal, bacterial and actinomycetes biomasses 

were significantly improved after implementation of CC. It has also been proven that CC 

and CC residue can improve soil organic carbon as well (Rankoth et al. 2019b), which 

also improves many other soil properties, such as soil moisture content and soil 

microbiome.  

Cover crops can have positive, negative, or neutral effects on soil water, 

depending on the CC management practices (Unger and Vigil, 1998). Cover crops have 

significant effects on soil moisture availability for the subsequent crop (Rimski-Korsakov 
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et al., 2015), reducing drainage discharge during the subsequent cash crop period (Strock 

et al., 2004), improved soil hydraulic conductivity and water infiltration (Fageria et al., 

2005; Nouri et al., 2019), water holding capacity (Chalise et al., 2018; García-González 

et al. 2018), and soil moisture conservation (Chu et al., 2017; Rankoth et al., 2021). 

Others have speculated that CC can negatively affect the soil water availability if they are 

not terminated in a timely manner (Rimski-Korsakov et al., 2015; Noland et al., 2018; 

Meyer et al., 2020). Some studies have observed neutral effects of CC on soil moisture 

and hydraulic properties (Rusch et al., 2020; Storr et al., 2020). 

Research studies also have shown other benefits of CC including weed 

suppression (Ngouajio and Mennan, 2005; Mirsky et al., 2013), yield benefits (Fageria et 

al., 2005; Abdalla et al., 2019), soil N improvements (Muhammad et al., 2019; Rimski-

Korsakov et al., 2015), soil organic carbon (SOC) improvements (Duval et al., 2016) and 

improvements on available soil P (Fageria et al., 2005; Weerasekara et al., 2017; Janegitz 

et al., 2017; Sharma et al., 2018). Previous studies mainly related CC benefits to yield 

improvements in the subsequent crop, soil erosion, nutrient losses, soil moisture, weed 

management and soil microbes. However, the effects of CC on soil thermal properties are 

one of the least studied areas in CC. According to Ochsner et al. (2001), soil thermal 

properties, which are heat capacity (Cv), soil thermal conductivity (λ) and thermal 

diffusivity (α), are highly dependent on volumetric water content (θ), volume of soil and 

volume of air. Soil thermal properties play a major role in agronomy and soil science, 

since soil thermal properties influence soil microclimate (Abu-Hamdeh and Reeder, 

2000). Seed germination, seedling emergence, and subsequent stand establishment are 

influenced by the soil microclimate (Ghuman and Lal, 1985; Abu-Hamdeh and Reeder, 
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2000). Cover crops also can have significant effects on reducing adverse soil water and 

thermal stress conditions; therefore, it is important to study the effects of CC on soil 

thermal properties. Haruna et al. (2017) observed that CC significantly influence Cv and 

α. They analyzed the effects of CC on soil thermal properties under laboratory conditions 

by conducting tests on soil samples obtained from field plots. There are a very limited 

number of literature available on CC effects on soil thermal properties.  

The purpose of the current research is to study the impacts of CC on soil water 

dynamics and soil thermal properties in a corn (Zea mays L.) cropping system, where 

chapter 2 consist of a literature review which reviews previous research on CC effects on 

soil, plant, and water. Chapter 3 evaluates the effects of CC on soil moisture and chapter 

4 evaluates the effects of CC on soil thermal properties.  

Objectives 

The general objective of this study is to evaluate the effects of  CC on soil water 

and soil thermal parameters in a corn cropping system. The specific objectives are to: 

1. Evaluate the CC effects on the soil moisture dynamics under field conditions for 

two consecutive years. 

2. Evaluate the CC effects on soil thermal properties, including soil thermal 

conductivity, soil heat capacity, and soil thermal diffusivity, and how these 

parameters are affected by volumetric soil moisture content, soil bulk density, and 

soil organic carbon. 
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CHAPTER 2 

Literature Review 
 

2.1. Present Situation of Agriculture 

The world human population has reached 7.7 billion by the middle of 2019 and it 

is expected to surpass 9.7 billion by 2050. Collectively, in Northern America and Europe 

the total population reached 1.11 billion by the mid-2019 and expected to grow up to 1.14 

billion by 2050 (UN DESA, 2019). To feed the increasing global population, the cereal 

yields have increased from 0.88 billion MT in 1965 to 2.97 billion MT in 2018 according 

to the World Bank cereal production statistics 

(https://data.worldbank.org/indicator/AG.PRD.CREL.MT), through improved technology 

and increased intensity of cropping (Bruinsma, 2011) and will need to be increased in the 

future as well (Sharma et al., 2018).  

Agriculture has intensified with time to fulfill the world food demand, and the 

annual usage of agriculture inputs also has increased. According to FAOSTAT (2019), 

the cropping intensity ratio has increased from 0.8 in 1997 to 0.9 in 2017. Globally, the 

total fertilizer consumption has also increased. Total nitrogen (all forms), phosphate 

(P2O5) and potash (K2O) fertilizer usage has increased by 34%, 40%, and 45%, 

respectively, in 2017 compared to 2002. Furthermore, Asia and America accounts for 

more than half of the total global fertilizer usage. From 1990 to 2016, global pesticide 

usage has increased from 1.5 kg ha-1 to 2.57 kg ha-1, where pesticide usage in the US has 

increased from 1.59 kg ha-1 to 3.39 kg ha-1 

(http://www.fao.org/faostat/en/#data/EP/visualize, accessed on 11/02/2019).  
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The increased usage of agri-inputs and intensification have caused significant 

environmental degradation. Especially, soil properties are subjected to drastic physical, 

chemical, and biological damages (Matson et al., 1997; Krstić et al., 2018). The increased 

use of fertilizers and agrochemicals can lead to ground water contamination and non-

point source pollution (NPSP). Agricultural NPSP is closely related to land use change, 

soil degradation and agricultural activities which involve with plant nutrients, mainly P 

and N (Xiang et al., 2017). Soil erosion is also increasing with poor and unsustainable 

crop management practices over time. Annually, around 75 billion metric tons of soil is 

being eroded from agricultural lands around the world (Global Soil Partnership, 2016). 

However, according to the NRCS Annual National Resource Inventory 2007 (NRI, 2010) 

soil erosion on crop lands in the United States has dropped from 3.06 billion tons in 1982 

to 1.73 billion tons in 2007.  

Negative effects of agriculture ultimately result in reducing soil quality and 

health, which is a long-term problem. These effects also lead to reduced crop productivity 

in agricultural land due to land degradation and create hazardous conditions to human 

and animal health. According to Rather et al. (2017) pesticides accumulated in food 

chains can cause many health hazards, such as suppression of immunity, intelligence, 

fertility, and cancer. Therefore, sustainable food production without compromising 

environmental integrity and human and animal health is going to be challenging (Sharma 

et al., 2018). 

A wide range of approaches are being used worldwide to mitigate the negative 

impacts of agriculture on the environment. As a remedial measure for many problems 

associated with agriculture, cover crops (CC) are becoming popular with time. The use of 
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CC have increased over time, but with very low adoption rates. According to SARE 

outreach (2007), farmers who have seen the benefits of CC are committed to make cover 

crops work in their farms through re-modelling their farming systems to suit CC growth 

patterns. Federal, state, and private organizations provide financial funding to promote 

CC among farmers in the USA, where the USDA has increased funding for CC from $5 

million to $90 million from 2005 to 2016 according to the Economic Research Service of 

USDA (ERS, USDA) (https://www.ers.usda.gov/data-products/charts-of-note/charts-of-

note/?topicId=14903). Approximately 2% of farmlands in 2010, and 4% of farmlands in 

2015 were under CC practices (Baranski et al., 2018). No-till planting into a killed winter 

CC residue is a conservation tillage system that has received attention in recent years 

(Hubbard et al., 2013). Planting CC before or between main crops could improve soil 

physical, chemical, and biological properties, and overall soil health (Fageria et al., 

2005). A significant number of studies conducted in the recent past have shown many 

positive and negative effects of CC on soil such as reduced soil erosion, reduced nutrient 

leaching in to ground water, changes in soil microbial community, and improved soil 

moisture.   

2.2. Cover Crops 

2.2.1. Cover Crops – Definitions 

Several definitions can be found on CC. The Natural Resources Conservation 

Service (NRCS) of the United States Department of Agriculture (USDA) defines them as 

"grasses, legumes and other forbs, that are planted for erosion control, improving soil 

structure, moisture, and nutrient content, increasing beneficial soil biota, suppressing 

weeds, providing habitat for beneficial predatory insects, facilitating crop pollinators, 
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providing wildlife habitat, and as forage for farm animals” 

(https://plants.usda.gov/home/covercropplants/covercrops, accessed on 06/28/2021). 

Similarly, CC were defined as crops used in managing soil health, weeds, water quality, 

biodiversity and pest and disease by Lu et al. (2000). Cover crops are close growing 

crops which provide soil protection and improvement between normal crop production 

periods or between trees/plants in orchards/vineyards (SSSA, 1997; Fageria et al., 2005). 

According to Rimski-Korsakov et al. (2015), CC are seeded between cash crops, 

which are not harvested, not used directly as green manure, and also not intended for 

grazing, which is different compared to the previous definitions. The author also states 

that most of the CC are Gramineae while leguminous plants are also used as CC to a 

lesser extent. Cover crops are defined as crops which are grown primarily for protecting 

and improving soil between periods of regular crop production (Schnepf and Cox, 2006; 

Roesch-Mcnally et al., 2018),    

Most of the above definitions have identified several common benefits of CC. In 

general, CC are legumes and grass species grown between normal cropping periods, 

which are used in soil erosion prevention, soil water conservation and improvement of 

soil nutrition, soil physical/chemical properties and soil structure. 

2.2.2. Major Uses of Cover Crops 

Cover crops provide diverse benefits to soil, plants, and water. Following are 

some of the uses identified by previous research work. 

• Provide soil cover and prevent soil erosion during non-cropped periods 

(Meisinger et al., 1991; Fageria et al., 2005). 
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• Prevent nutrient leaching by immobilizing nutrients (Meisinger et al., 1991; 

Fageria et al., 2005). 

• Nitrogen fixation by leguminous CC and improvement of nitrogen availability to 

next crop (Smith et al., 1987; Unger and Vigil, 1998). 

• Soil aggregation improvement through increasing soil organic matter (Unger and 

Vigil, 1998). 

• Provide protection to perennial crop seedlings during their establishment (Unger 

and Vigil, 1998). 

• Reduce soil compaction reduction (Fageria et al., 2005). 

• Weed control during the cash crop period (Fageria et al., 2005). 

• An ameliorative measure for soil chemical and physical properties (Sharma et al., 

2018). 

• Soil moisture conservation through evaporation reduction (mulch formation, 

increased rainfall infiltration and change in the soil water use pattern of summer 

crops) (Smith et al., 1987; Frye et al., 1988; Unger and Vigil, 1998, Rankoth et 

al., 2019a; Rankoth et al., 2021). 

2.2.3. Effects of Cover Crops on Soil Erosion 

Soil erosion is a process of detachment, transport, and the redistribution of soil 

particles due to forces caused by water, wind or gravity on soil (NRI, 2010). Many 

research studies showed that CC were a successful measure in controlling soil erosion 

through disturbing the detachment and transportation of soil particles in the soil erosion 

process.  
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According to Wilhelm et al. (2004) and Fageria et al. (2005), CC play a major 

role in reducing soil erosion, where the CC residue reduces the force created by rain 

drops on the soil and reduces the shear by wind. As per the Fageria et al. (2005), CC 

residues also reduced the seal formation on soil through covering the soil surface. Seal 

formation occurs when a soil surface is directly exposed to the impact of rain drops, 

which results in creating a less permeable soil surface. This affects water infiltration 

negatively and increases surface water runoff, which enhances soil erosion. Cover crop 

residues mitigates these problems until a cash crop is established in the field. Reicosky 

and Forcella (1998) also confirmed that CC protect the soil from wind and water erosion 

during the off-season and they also increase the water infiltration rate, which results in 

decreasing soil erosion through runoff. Research conducted in Hamakua, Hawaii by 

Evensen and Osgood (1991) on oat (Avena sativa L.) CC in sugarcane for weed and 

erosion control identified that oats did not suppress weeds, but reduced soil erosion 

through improved ground cover.  

Malik et al. (2000) conducted a study in Hazel Green, Alabama to evaluate the 

effect of four different CC, which included tall fescue (Festuca arundinacea L.), rye 

grass (Lolium multiorum L.), interstate sericea (Lespedeza cuneate) and crimson clover 

(Trifolium incarnatum L.) in controlling soil erosion in a short rotation Sweetgum 

(Liquidambar styraciua L.) hardwood plantation. The results indicated that soil erosion 

was significantly reduced by all of the CC except tall fescue compared to no CC 

treatment. The winter annuals (rye grass and crimson clover) were identified as the best 

erosion control CC since both of them provided similar erosion protection. Since crimson 

clover is a legume, the study concluded that it was more suitable as a CC over rye grass 
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due to their ability to fix nitrogen, which is an extra advantage. Tall fescue was not 

successful as a CC due to the shape of their leaves, which are long, stripe like in shape, 

which did not reduce water runoff speed effectively. 

A research by de Baets et al. (2011) evaluated the erosion controlling effects of 

six different CC, which were White mustard (Sinapis alba), phacelia (Phacelia 

tanacetifoli), ryegrass, oat (Avena sativa), cereal rye (Secale cereal) and fodder radish 

(Raphanus sativus subsp. oleiferus) under three different soils (three experimental fields) 

in Belgium. This laboratory experiment revealed that the root systems of radish, phacelia, 

oat and white mustard CC dies under frost conditions, which leads to less soil holding 

strength, where ryegrass and cereal rye are less vulnerable to frost. Therefore, ryegrass 

and cereal rye were identified as effective CC in controlling concentrated flow. Since 

fibrous root systems are effective in controlling erosion, oat was also recommended as an 

effective erosion controlling CC. When considering the water consumption by the CC, all 

three of the above selections are disadvantageous due to the higher water consumption. 

Therefore, white mustard was effective when considering the nitrogen scavenging ability 

and less water consumption. The study concluded that cereal rye, ryegrass, oats and white 

mustard are the most suitable erosion control CC species.  

 In a study using forage sorghum (Sorghum bicolor L.),  cereal rye and spring 

barley (Hordeum vulgare L.) to identify the ability of CC for wind erosion control, Bilbro 

(1991) identified that planting forage sorghum and cereal rye in alternate eight cm rows 

was the most effective way to control wind erosion in semi-arid Great plains region. 

Spring barley produced less ground cover and also deteriorated very quickly after 

termination compared to forage sorghum, where it was less effective in erosion control, 
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and forage sorghum had a higher erosion control potential. Combinations of rye with two 

other CC provided sufficient protection to soil, but the combination of forage sorghum 

and spring barley was not a good combination. Rye also showed a higher resistance to 

freezing than other two CC, which was an advantage in soil protection. Since rye uses a 

lot of ground water, it was concluded that use of alternate rye and forage sorghum rows 

will minimize the disadvantages of rye and increase the wind erosion protection to the 

soil in the meantime. 

Novara et al. (2011) conducted research to assess soil erosion under tillage and 

alternative soil management in a Sicilian vineyard, where they used two tillage practice 

treatments along with six CC treatments combinations which were (1) Vicia faba (VF); 

(2) Vicia faba and Vicia sativa (VV); (3) Trifolium subterraneum, Festuca rubra, and 

Lolium perenne (TFL); (4) Trifolium subterraneum, Festuca rubra, and Festuca ovina 

(TFF); (5) Triticum durum (T); and (6) Triticum durum and Vicia sativa (TV). The results 

confirmed that CC treatments TFF and T were effective in controlling soil erosion 

compared to traditional tillage where CC reduced erosion by 68% compared to 

conventional tillage treatment, and the erosion control magnitude depended on the CC 

species. Poor performing CC are identified as low biomass producing species like the VF 

treatment and it is also concluded that the leguminous CC reduce rain drop impact in late 

winter and spring. 

Oat and rye CC are capable of reducing spring erosion of no-till soybean (Glycine 

max L.) fields in a corn (Zea mays L.)-soybean rotation (Kaspar et al., 2001). In their 

study on small grain CC effects on water infiltration, runoff and erosion in a corn-

soybean rotation using oat and rye as CC, it was observed that CC increased the water 
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infiltration rate, reduced the runoff rate and reduced the interrill erosion compared to 

control treatments. Rye CC reduced rill erosion by 93% (1997) and 86% (1998) where 

oat CC reduced erosion by 64% (1997) and 42% (1998) compared to no CC treatment. 

The rye CC was identified as the most successful erosion controller species since it 

produced a higher biomass compared to oat CC and it also was alive in the spring, where 

oat wasn’t. The study attributed the soil erosion control effects to the ability of CC roots 

and residue to prevent soil detachment by runoff. 

The above discussed research studies evaluated the effectiveness of CC in 

mitigating the soil erosion under different cropping systems such as corn-soybean 

rotations, vineyards, hardwood plantations and sugarcane. According to all these studies, 

it was evident that CC were effective in controlling soil erosion. The degree of soil 

erosion control was directly dependent on the amount of biomass produced by the CC, 

which determines the thickness of the soil cover. The live CC as well as CC residue is 

effective in soil erosion control by reducing the impact of raindrops and wind on the soil. 

The thickness and the degradation rate of the CC residue also determines the 

effectiveness of the CC on reducing runoff rate. Therefore, CC are identified as a 

successful measure in controlling soil erosion in croplands.  

2.2.4. Effects of Cover Crops on Soil Water & Drainage Discharge 

Cover crops are known to have both positive and negative effects on the soil 

moisture content, drainage discharge and water availability for the subsequent cash crop. 

These effects are directly associated with the water uptake/requirement of CC species, the 

time gap between terminating the CC and planting of the cash crop and the ground cover 

provided by the CC and CC residue. According to a meta-analysis by Unger and Vigil 
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(1998), the effect of CC on soil water relationships are either positive, negative, or 

neutral. The effect can vary depending on factors such as the rate of infiltration/drainage 

of soil, time of CC termination, irrigation after termination of CC, precipitation time, 

precipitation volume and evapotranspiration by the CC (Frye et al., 1988; Unger and 

Vigil, 1998). In overly wet soil conditions, managing CC in the field for longer time 

periods allow the CC to reduce the soil moisture content through evapotranspiration, 

which is a positive effect. The effect can be negative if the time interval between the CC 

termination and the seeding of cash crop is not sufficient, where the cash crop yield can 

be severely affected due to the lack of soil moisture caused by the water usage of CC. 

The effect can become positive if the time gap is sufficient and the residues of the CC are 

left in the field after termination, which reduces the evaporation losses of water from soil. 

In this study, the CC are mostly recommended for humid or sub humid regions as the 

precipitation is more predictable in those regions.  

As per the study by Strock et al. (2004) in Southwestern Minnesota, USA on CC 

effects on subsurface drainage discharge, the results provide clear evidence for drainage 

discharge reduction by CC. In a conventional corn-soybean cropping system, subsurface 

drainage discharge was reduced by 11% by introducing cereal rye (Secale cereale L.) 

before corn season. Similar results were observed in subsequent soybean crop after a CC. 

The author's conclusion was that the evapotranspiration and water uptake by cereal rye 

CC caused this effect. 

During a study to evaluate the effects of replacing winter fallow practice with CC 

in a corn – sunflower (Helianthus annus L.)  rotation in semi-arid areas of Madrid, Spain, 

García-González et al. (2018) observed that barley (Hordeum vulgare L.) and hairy vetch 
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(Vicia villosa L.) as CC showed 13% and 8% more soil moisture retention respectively 

compared to 199 g H2O kg−1 soil moisture retention in control treatment (fallow) at -33 

kPa pressure (field capacity). The study also found that barley CC significantly increased 

the saturated hydraulic conductivity (Ksat) (36 cm h-1) compared to the fallow treatment 

(14 cm h-1). It was concluded that barley was more effective in improving soil hydraulic 

properties than hairy vetch or fallow treatments.  

Contrasting results were obtained in a similar study conducted by Kaspar et al. 

(2012) in Iowa, USA evaluating the effects of CC on drainage flow. In this study, cereal 

rye and oat as CC in a corn-soybean system resulted in no significant effect by CC on the 

drainage flow. Previously in 2007, the same research team carried out a study on CC on 

the same location, which also gave similar results on drainage discharge. Both Strock et 

al. (2004) and Kaspar et al. (2012) researched the same type of cropping system with 

same CC species in a different location, which resulted in contrasting outcomes. 

However, according to the results of Kaspar et al. (2012), the higher variability in 

drainage discharge between the replicates within the same treatment was a reason for this 

non-significant effect of CC on drainage flow. 

According to a meta-analysis by Rimski-Korsakov et al. (2015) on CC grown in 

corn-soybean rotations in South America, CC significantly reduced soil water content at 

the seeding stage of the cash crop. However, when the seeding of the cash crop was 

delayed for two or more months from the CC termination, the moisture contents were not 

significantly reduced by the CC. This study clearly indicated the significance of the time 

gap between CC termination and the seeding of the cash crop. If the time gap is 

insufficient to recharge the soil moisture content, the water availability for subsequent 
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crop will be severely affected. Meyer et al. (2020) reported similar observations where 

they found that CC management practices can have significant impacts on water 

availability. They used three different CC termination methods which involved CC 

termination by crushing. The treatments were 1) control (bare soil), 2) CC termination in 

autumn and left as a mulch, 3) CC termination in autumn and bury the residue over the 

winter through ploughing, and 4) CC termination in April immediately before sowing the 

cash crop. They found that delayed termination of CC can negatively affect the 

subsequent crop, even though higher amounts of precipitation were received throughout 

the spring. This study recommended terminating the CC in autumn and leaving the 

residue as a mulch for conserving soil moisture.  

During a study in Santa Fe, Argentina, similar observations were made by Duval 

et al. (2016) on water availability to cash crop after CC termination. They observed 37% 

higher available water in the no CC treatment compared to CC treatments at termination. 

They attributed the observations to the evapotranspiration by CC, which created drier soil 

conditions to the subsequent crop germination period. A study conducted in Waseca, 

Minnesota by Noland et al. (2018) also observed a similar outcome, where the cereal rye 

CC treatment had significantly lower volumetric water content (VWC) at the CC 

termination point compared to no CC treatment. The CC treatments of this study included 

hairy vetch, pennycress (Thalaspi arvense L.), and red clover (Trifolium pretense L.). 

During the other months of the study period, there were no significant differences 

between CC and no CC treatments in terms of VWC. 

Soil hydraulic conductivity and water infiltration can be improved by CC residues 

through improvement of soil structure, aggregate stability, and soil porosity (Fageria et 
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al., 2005). According to Fageria et al. (2005), CC residue prevents seal formation caused 

by the impact of the raindrops on an exposed soil surface. Seal formation causes 

increased runoff and reduces infiltration. Therefore, CC and CC residue are useful in 

increasing the soil water content and reducing evaporative losses of water through 

increased water infiltration to soil and also in reducing the chance of moisture stress 

during droughts.  

A study by Nouri et al. (2019) in Tennessee made observations on the effects of 

CC on soil water retention, soil hydraulic properties, and soil moisture contents. 

According to the results, hairy vetch cover crop treatment showed 28% greater VWC at 

0-15 cm soil depth and 29% greater at 15-30 cm depth during drier soil conditions. 

However, no significant differences were observed between CC and no CC treatments at 

field capacity. Hairy vetch CC treatment also showed significantly greater saturated 

hydraulic conductivity than NCC. They also observed that CC * tillage interactions can 

provide a broader knowledge on management practice effects, where it was identified 

that hairy vetch CC with no-till produced the highest Ksat where no CC with conventional 

tillage showed the lowest Ksat. According to the soil water retention data, CC treatments 

had significantly greater soil water retention than no CC treatment at field capacity (FC) 

and permanent wilting point (PWP). Therefore, the study concluded that long-term use of 

CC can improve soil physical properties through increased biomass accumulation and 

root activity. 

A study by Rankoth et al. (2021) on how CC influence on soil water dynamics in 

a corn-soybean rotation found that the volumetric water content of soil under CC 

treatments was significantly greater compared to no CC treatment during the CC period. 
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They also found that VWC of CC soils was significantly higher during corn growing 

period and soybean growing period, especially up to 20 cm depth than no CC soils. The 

study also indicated that the recharge after a rainfall event and water infiltration in 

general was also significantly higher in the CC treatments compared to the control. 

During dry periods in the CC season, the CC treatment maintained higher moisture 

contents in soil compared to no CC treatments. This was interpreted as the effect of 

higher amount of organic matter added by CC to the soil compared to no CC treatment. 

Rankoth et al. (2019a) also observed similar results where CC treatment had significantly 

higher soil water content at 10-, 20-, and 30-cm soil depths than no CC treatment for their 

whole study period, near Columbia, Missouri. Chu et al. (2017) also observed 

significantly higher gravimetric soil water content in a five-species CC blend treatment 

(cereal rye, whole oats, purple top turnips (Brassica campestris L.), daikon radish, and 

crimson clover) compared to a no CC control. They also had single CC species 

treatments as well as two CC mixture treatments, which did not show significant 

differences in gravimetric soil moisture contents compared to no CC treatment. As the 

study was based on single season data, authors suggested that multi-year data will be 

needed to see more significant effects of CC. 

 Chalise et al. (2018) studied CC effects on soil hydraulic properties and observed 

that CC treatment had significantly higher soil water retention at 0 kPa pressure 

(saturated soil) in the 0-5 cm soil depth than no CC treatment. However, they did not see 

significant differences in soil water retention between CC and no CC at -10 kPa and -30 

kPa. At 5-15 cm depth, there were no significant differences in water retention between 

CC and no CC at any pressure. The infiltration rates in CC treatments were 80% and 27% 
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higher than no CC treatment during the two years of the study. They also observed 

significantly higher VWC in CC treatment than no CC treatment at 0-5 cm soil depth. 

The study concluded that increased residue addition by CC can potentially improve the 

soil hydraulic properties.  

Some studies showed non-significant results for CC on soil moisture. According 

to the results of a study by Haruna et al. (2018) in Jefferson City, Missouri on tillage and 

CC effects on soil hydraulic properties, CC did not significantly affect the soil water 

retention. The study was conducted with four treatments: CC-till, CC-no-till, no CC-till 

and no CC-no-till. They observed that the volumetric water content of soils were related 

to the tillage treatment, but not with the CC. Another study by Storr et al. (2020) 

conducted in Cambridgeshire, United Kingdom used a CC mixture of oil radish (Raphnus 

sativus cv. Final) and white mustard (Sinapis alba cv. Braco) compared to a no CC 

control to quantify the CC effects on soil moisture and nitrogen mineralization. 

According to the results, they did not see significant effects of CC at all studied soil 

depths (0-10, 10-20, 20-30 cm). The authors identified that freezing conditions during the 

winter had killed most of the CC, which resulted in low above ground biomass 

accumulation in CC treatment. During the spring, the CC treatment had low 

evapotranspiration, which was closer to the control. This resulted in similar soil moisture 

conditions in both treatments, resulting in no significant effect of the CC on soil moisture. 

Another study conducted by Rusch et al. (2020) observed no significant effects of 

CC on soil moisture. The study was carried out at three sites (Grand Rapids, Lamberton, 

and Waseca) in Minnesota, US, using three cereal rye-based treatments 1) cereal rye 

monoculture, 2) cereal rye and crimson clover, 3) cereal rye, crimson clover, and forage 
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radish (Raphnus sativus L.), and 4) control. The results indicated that CC treatments had 

no effects on soil moisture content at corn planting, but soil depth, location, year, and 

location*depth interaction had significant effects on soil moisture. The observation was 

attributed to the low cereal rye CC regrowth during the spring. The authors concluded 

that interseeding CC with corn in the mid-west region had no effects on soil moisture.      

In summary, CC effects on soil water can be positive, negative, or neutral 

depending on the CC management practices (Unger and Vigil, 1998). The soil moisture 

availability for the subsequent crop is highly dependent on the time gap between CC 

termination and the seeding of the cash crop, where time gaps that were too long or too 

short reduced the moisture availability to the subsequent crop (Korsakov et al., 2015). 

Cover crops can reduce subsurface drainage water discharge in the subsequent cash crop 

according to Strock et al. (2004) where according to Kaspar et al. (2012), it does not. 

Cover crops also can improve soil hydraulic conductivity and water infiltration to the soil 

according to Fageria et al. (2005). Rankoth et al. (2019a), Rankoth et al. (2021), and 

García-González et al. (2018) concluded that CC residue has a significant effect on soil 

moisture conservation. However, no significant effect of CC on soil moisture was 

observed by Haruna et al. (2018). The majority of the research studies indicate that CC 

have some effect on soil moisture, and it varies by CC composition, CC biomass, 

management practices, and precipitation. 

2.2.5. Effects of Cover Crops on Soil Nitrogen, Nitrogen Uptake by 

Subsequent Cash Crop and Nitrogen Leaching 

Cover crops are known to have positively significant effects on the soil N, N 

leaching/nutrient scavenging, and N uptake by the cash crop. Since leguminous CC fix N, 
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they are known to increase soil available N. Cover crops are also known to scavenge 

unused nutrients from the previous cash crop, where they help in mitigating negative 

effects of unused fertilizers left in the soil. They trap freely available nutrients in soil, 

which are prone to leaching and runoff, and release them to the subsequent crop.  

Skoufogianni et al. (2013) observed significant differences in soil organic matter 

and soil N in maize cultivation, where pea (Pisum sativum L.) was used as a CC in  

research conducted in Trikala, Greece. The base N uptake was increased from 80 kg ha-1 

to 150 kg ha-1 when pea CC residue was incorporated to the soil. The effect of pea as a 

CC on sunflower (Helianthus annuus L.) cultivation was also studied in the same 

research; however, it did not show significant differences between CC and no CC when 

considering the soil organic matter (OM) and N. The same study indicated that the N 

recovery by the sunflower crop increased from 50% (control) to 85% with CC 

incorporation. Maize also increased N uptake by 20%, which was smaller compared to 

sunflower. The authors concluded that the use of pea as a CC improved the soil fertility, 

through increased N availability to the subsequent crop in sandy soils and light texture 

soils. 

According to Muhammad et al. (2019), legume CC increases the soil total N 

significantly compared to a mix of CC and non-legume CC. The study also indicated that 

the soil total N increased by approximately 12% when using legume CC compared to no 

CC. Similarly, Miranda et al. (2014) and Korsakov et al. (2015) observed that non-

leguminous CC established prior to a cash crop significantly reduced the soil N 

availability at the seedling stage of the cash crop, where leguminous CC did not reduce 

soil N. Another study by Sainju et al. (2015) on CC effects on soil C and N, hairy vetch 
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(Vicia villosa L.) and rye CC had positively significant effect on soil total N under a 

bioenergy sorghum (Sorghum bicolor L.) (sweet sorghum and forage sorghum) 

production system. A hairy vetch on cereal rye mixture increased the total soil test N 

compared to monoculture CC. Soil test ammonium N in soil was significantly increased 

by CC in forage sorghum compared to sweet sorghum. These studies confirmed that 

leguminous CC were more beneficial in improving soil N compared to non-leguminous 

CC. 

The effect of rye (in winter) and oats (in fall) CC on the nitrate concentrations in 

drainage water was studied by Kaspar et al. (2012) in a corn-soybean system. The results 

of this study showed that the nitrate concentrations in drainage water were significantly 

reduced by rye (48%) and oat (26%) CC treatments. Therefore, the author concluded that 

the use of rye and oats as CC was reasonably effective in reducing nitrate concentrations 

in drainage water. However, the effect of CC on the nitrate load in drainage water was 

not significant. Similar findings were obtained by Strock et al. (2004), where they 

concluded that CC (winter CC) improved soil water quality by reducing nitrate loss 

through subsurface drainage flow. In their research to identify the effects of CC (rye) on 

reducing nitrate loss through subsurface drainage in a corn-soybean cropping system in 

southwestern Minnesota, they showed a 13% decrease in nitrate loss through tile drained 

systems, which was a significant reduction compared to the no CC treatment. The results 

also showed that the nitrate loss was higher in soybean compared to corn. The conclusion 

of this research was that CC is a viable practice in reducing nitrate leaching loss from 

soils and can improve water quality.  
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A meta-analysis by Abdalla et al. (2019) concluded that the inclusion of legume 

CC, non-legume CC and legume-non-legume CC mixtures in a crop rotation, 

significantly reduced N leaching over no CC treatments. There were no significant 

differences among the above mentioned three CC treatments. The same study also 

indicated that CC did not show significant effects on N leaching under N fertilizer 

applied conditions. Similarly, a study by Chalise et al. (2018) did not find any significant 

difference between CC and no CC treatments in total soil test N. Although the CC 

treatment consisted of cereal rye and hairy vetch, the leguminous CC residue did not 

provide enough N to show a significant difference in total N.   

Reicosky and Forcella (1998) pointed out that CC play a major role in N cycling 

and scavenging, where leguminous crops fix atmospheric N while non-leguminous CC 

clean the ecosystems by scavenging additional N added to soil through fertilizers and 

making them available to the next cash crop. In a research to identify the effects of CC on 

the soil quality, similar outcomes to the previous authors were obtained by Sharma et al. 

(2018). The author concluded that the CC reduced nitrate N concentration in soil by 

scavenging and releasing it to the subsequent cash crop through decomposition of CC 

residue. It was also concluded that the CC reduce the ground water contamination since 

they reduce the risk of nitrate leaching through nutrient scavenging. Dabney et al. (2001) 

found that crimson clover (Trifolium incarnatum L.), balansa clover (Trifolium 

balansae), southern spotted burclover (Medicago arabica), abbruzi rye (Secale cereale 

L.), elbon rye (Secale cereale L.) and rymin rye (Secale cereale L.) were capable of 

scavenging residual soil nitrate N when used as CC, in research to find the effects of CC 

for improving soil and water quality. 
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A study conducted by García-González et al. (2018) in Madrid, Spain on using 

CC to mitigate soil degradation, observed increased soil organic N contents at the 0-20 

cm soil depth in CC treatments (barley and hairy vetch) compared to fallow treatment. 

Hairy vetch and barley CC had 67% and 50% more organic N retention compared to 

fallow treatment (0.024 MgN ha−1 year−1), respectively. During the ten-year study period, 

the soil N content indicated a 0.12 Mg N ha-1 improvement in CC treatments than fallow 

treatment at the 0-20 cm soil depth. It was also observed that the barley CC treatment had 

55% less inorganic N (Nitrate-N) in the 1-4 m soil depth than fallow treatment, which 

was considered as an indicator for reduced leaching of surplus N from topsoil. Therefore, 

the study concluded that CC may contribute to improving N sequestration and mitigating 

N leaching.  

Some research studies indicated that the CC did not make significant differences 

in soil N. According to a research by Weerasekara et al. (2017), the results showed that 

the CC effect on the total N in soil was not significant, which did not comply with most 

of the research outcomes. The study was a greenhouse experiment conducted in 

Columbia, Missouri, using hairy vetch and cereal rye as cover crops in three different 

soils (Menfro silt loam, Mexico silt loam and sand). Since this study was based on one 

season of data, the authors suggested that the effects of CC cannot be quantified 

accurately using a single season data. The research also showed a reduction in soil N after 

9 weeks from planting CC, where the authors attributed this change to the ability of CC 

to scavenge nutrients from soil and release them to the subsequent cash crop. Similarly, 

VeVerka et al. (2019) also observed no positive correlation between CC and total soil N 

in a research conducted in central Missouri. Their experiment was to find the effects of 
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management practices, landscape position, and depth of soil on soil health indicators for 

claypan soils. Since the duration of CC was too short in this study, the authors 

recommended that longer term management of CC is needed before evaluating the effects 

of CC on soil organic carbon and soil nitrogen in order to observe a proper result.  

Several advantages of CC on soil N and plant N requirements were highlighted in 

a meta-analysis conducted by Fageria et al. (2005). Leguminous CC provided N to soil, 

which is the most common benefit to soils and crops (Hoyt et al., 1986; Singh et al., 

1992; Reeves et al., 1994). In higher N requiring crops like corn, the N fertilizer rates can 

be reduced by using CC, where for some crops, the N fixed by leguminous CC is 

adequate to replace the N fertilization completely (Frye et al., 1988). Incorporating 

annual legume CC with N fixing bacteria is recommended since the bacterial community 

concentration reduces during the cash crop season, which results in lower number of 

bacteria available for the next legume CC (Sustainable Agriculture Network, 1998). 

Cover crops reduce N leaching from soils from 20-80%, where grasses are more effective 

compared to legumes (Meisinger et al., 2000). Cover crops trap inorganic N in organic 

form and releases it to the subsequent crop during decomposition of CC residues (Dennes 

et al., 2002). Another meta-analysis by Marcillo and Miguez (2017), on the overall 

effects of winter CC on corn yields in USA and Canada were either neutral or positively 

significant. It was found that grass CC did not show a significant effect on corn yield 

where CC mixtures always showed a significant increase in the yields. 

In summary, most of the research work agrees on the ability of leguminous CC 

for improving soil N through N fixation under non-fertilized conditions, compared to 

non-leguminous crops (Miranda et al., 2014; Korsakov et al., 2015; Sainju et al., 2015; 
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Muhammad et al., 2019). Cover crops reduce N leaching, scavenge N in the soil and 

release N to the subsequent crop (Reicosky et al., 1998; Strock et al., 2004; Dabney et al., 

2007; Kaspar et al., 2012; Sharma et al., 2018; García-González et al., 2018, Abdalla et 

al., 2019). Incidents where CC were not significant on soil N were reported by 

Weerasekara et al. (2017) and VeVerka et al. (2019), where the authors attribute this 

effect to a short study period under CC practices. Cover crop effects on soil N, N 

leaching and plant N uptake is significant by majority of research studies with several 

years of CC in the system. 

2.2.6. Effects of Cover Crops on Soil Phosphorus 

Phosphorus is found in very low concentrations in soil solution due to its low 

water solubility. Some CC are identified to have a significant effect on soil P by 

absorbing/scavenging and releasing to the subsequent crop, while some CC do not 

(Janegitz et al., 2017). These effects are attributed to root exudates released by the CC, 

and have been identified as organic acids and phenolic compounds which increase the 

solubility of non-soluble P (Pavinato et al., 2008; Janegitz et al., 2017). Legumes are 

identified by Horst et al. (2001) as successful P cycling crops, where Marschner et al. 

(2006) concluded that the plant available P in soil also can be affected by the bacterial 

composition in the rhizosphere of CC (Janegitz et al., 2017). 

Cover crops improve P uptake of the subsequent cash crop by absorbing relatively 

less available P, converting them to more available forms and releasing them to 

subsequent cash crop during the decomposition of residue (Tiessen et al., 1994, Cavigelli 

et al., 2003, and Fageria et al., 2005). Sharma et al. (2018) also concluded that CC 
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scavenge residual P in soil and makes it available to the subsequent crop through 

decomposition. These studies indicate the significant effects of CC on soil available P. 

According to Janegitz et al. (2017), the available P in the soil solution is very low, 

especially in soils with high iron and aluminum concentrations in the tropical and sub-

tropical regions of the world. A greenhouse experiment in Sao Paulo using five different 

CC (ruzi grass (Brachiaria ruziziensis), pearl millet (Pennisetum glaucum), peanut 

(Arachis hypogaea), crambe (Crambe abyssinica), and grain sorghum (Sorghum bicolor) 

plus a treatment without plants), evaluated the effects of CC on soil P availability. They 

found that some CC species increased soil available P for the subsequent crop through 

plant uptake and released while some did not. Grain sorghum and pearl millet like cereals 

absorbed higher amounts of P, but released less, which resulted in reduced available P in 

the soil; however, crambe increased P availability for the subsequent crop. 

In contrast, some studies have indicated that CC did not have a significant effect 

on soil available P. A study conducted under greenhouse conditions to assess the effect of 

CC on soil quality by Weerasekara et al. (2017) in Columbia, Missouri showed that CC 

did not significantly affect soil available P content. Three different soils (Menfro silt 

loam, Mexico silt loam and sand) and hairy vetch and cereal rye as CC were used in this 

study. However, the P content reduced with time in all of the soil types and CC species 

during the study period. The study attributed these changes to the ability of CC to 

scavenge nutrients from soil. 

In summary, Fageria et al. (2005), Sharma et al. (2018), Weerasekara et al. (2017) 

and Janegitz et al. (2017) agree on the ability of CC to scavenge P from soil. Janegitz et 

al. (2017) showed that the ability of releasing P to soil by a CC depends on the CC 
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species, where Weerasekara et al. (2017) showed that CC did not have a significant effect 

on plant available P. 

2.2.7. Effects of Cover Crops on Soil Organic Matter  

Soil organic matter plays a major role in improving soil fertility as well as the soil 

productivity (Wilhelm et al., 2004, Fageria et al., 2005). Cover crops are identified to 

have a significant positive effect on soil organic carbon (SOC), since the usual practice 

with CC is to leave the residue on the field after CC termination. According to Lal and 

Kimble (1997), CC can be used as a successful measure to improve SOC and N through 

sequestration of CO2 and atmospheric N, which is also advantageous in reducing effects 

of global warming (Lal and Kimble, 1997; Fageria et al., 2005). Similarly, Reicosky et al. 

(1998) also concluded that SOC plays a major role in soil health, where SOC is beneficial 

in improving soil moisture content, soil aeration, and soil structure. Cover crops can have 

a significant effect on sequestration of SOC in the soil, which helps increase soil 

aggregation as well. 

 In research conducted in the Argentine Pampas by Korsakov et al. (2015), they 

showed that SOC was significantly improved by CC when they were included between 

cash crop seasons. In this region, typically the SOC input as crop residue is higher in corn 

compared to soybean in a corn-soybean cropping system (Delaye et al., 2014; Korsakov 

et al., 2015). Soybean residue decomposes quicker than corn because of the high C/N 

ratio in soybean biomass which results in quicker SOC depletion in soybean fields 

compared to corn (Jensen et al., 2005; Korsakov et al., 2015). Therefore, introducing CC 

between cash crop seasons is recommended in this region by the authors in order to 

improve the SOC. 
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Abdalla et al. (2019) concluded that legume and non-legume CC significantly 

increase SOC contents compared to control treatments with no CC in a meta-analysis that 

reviewed the effects of CC on crop productivity. The review also stated that soils with 

higher bulk densities have a higher potential in accumulating more SOC under CC. 

Higher soil pH reduces SOC accumulation potential of CC (Parfitt et al., 2014; Abdalla et 

al., 2019). The presence of N in soil increases SOC accumulation in soil since N is 

needed in biomass production. Cover crop treatments show higher C sequestration under 

low N fertilizer rates compared to a no CC control treatment (Aula et al., 2016; Abdalla 

et al., 2019). 

According to a meta-analysis on regulation of soil CO2 and N2O emissions, 

Muhammad et al. (2019) observed that incorporation of CC residues to the soil increased 

SOC by 15% compared to no CC control. The study also showed that CC mixes results in 

higher SOC compared to monocrop legume or non-legume CC. Sainju et al. (2015) 

observed that hairy vetch improved SOC compared to sweet sorghum (Sorghum bicolor 

L.) and hairy vetch (Vicia villosa Roth)/rye (Secale cereal L.) CC mixtures. These 

observations were made in research evaluating the effects of CC on soil carbon and 

nitrogen, which was conducted in Fort Valley, Georgia.   

Sharma et al. (2018) found that the CC rapidly increased the soil organic matter 

content in the topsoil through decomposition of CC residue. Similarly, in a study to 

identify CC effects on soil enzymes in a corn-soybean rotation, Rankoth et al. (2019c) 

showed significant increase of soil organic matter following CC. The study was carried 

out in north central Missouri using CC with no-tillage and no CC with vertical tillage 

treatments in a corn-soybean rotation. A mixture of winter barley (Hordeum vulgare L.), 
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cereal rye, triticale (Triticosecale Wittm. Ex A. Camus) and Winter oat (Avena sativa L.) 

were used as CC. The results showed that the soil organic matter at 10-20 cm depth was 

significantly increased 1.2 – 1.5 times at all slope positions in the CC treatment compared 

to no CC. At the 0-10 cm and 20-30 cm soil depths, organic matter percentage was 

significantly increased only in the summit position of the landscape.  

García-González et al. (2018) observed improved C sequestration by CC 

compared to fallow treatments in Madrid, Spain. At a 0-5 cm soil depth, barley and hairy 

vetch CC treatments showed significantly higher SOC compared to the fallow treatment, 

where the C sequestration rate for both treatments was 75% greater than the fallow 

treatment (0.24 Mg C ha-1 year-1). The incorporation of CC improved the organic matter 

addition (cover crop residue) to the topsoil than the fallow treatment. Duval et al. (2016) 

also observed a 16-31% increase in SOC at a 0-5 cm soil depth in CC treatments (winter 

wheat, oat, vetch, or oat+vetch) compared to a no CC control. It was also observed that 

grass cover crops (winter wheat, oat) produce more SOC compared to vetch. 

Some studies showed that CC had no effect on SOC. According to a study by 

VeVerka et al. (2019) on the same research site where Rankoth et al. (2019c) conducted 

the study, there was no significant effect of CC on soil organic matter. Since the duration 

of the CC practice was only two years, the authors concluded that the shorter study 

duration might have likely affected the result negatively since the soil health parameters 

measured in this study may need long-term establishment of the CC system. Similarly, in 

a study conducted to assess the effects of CC on soil quality, Weerasekara et al. (2017) 

also showed that CC did not significantly affect SOC content. The authors also concluded 
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that one seasonal data set was not sufficient in interpreting the CC effects on soil 

parameters.  

In research conducted in Indiana, USA to find the effects of CC (cereal rye) on 

soil carbon, Rorick and Kladivko (2017) concluded that cereal rye does not have a 

significant effect on the SOC content. The authors also concluded that if the CC biomass 

within a year increase through greater number of years, can increase the chance of 

increasing SOC in the future. Similarly, Olson et al. (2010) conducted research with and 

without CC using three different tillage methods to find the effects of CC on crop yields 

and soil carbon in southern Illinois. The outcomes showed that the CC treatment for all 

three tillage methods had statistically similar soil carbon content compared to no CC 

treatment with the same tillage methods. Similarly, another study by Chalise et al. (2018) 

did not observe any significant differences between CC and no CC treatments at 0-5 cm 

or 5-15 cm soil depths. These three studies suggested that in some cases, CC may take 

several years to show changes in SOC. 

According to previous research work, most of the research studies concluded that 

CC have a significant effect on soil organic carbon. In the studies by VeVerka et al. 

(2019) and Weerasekara et al. (2017), the short time period under CC was not sufficient 

to observe a significant effect of CC on SOC. Rorick and Kladivko (2017) showed no 

significant effect, but it was concluded that if the organic C content is increasing over the 

years under CC, the effects may be significant in the future. 

2.2.8. Effects of Cover Crops on Soil Microbiome 

Cover crops have shown significant effects on the soil microbial community 

where population and the diversity of microbes are improved by CC. Different CC have 
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different effects on the microbial community of soils. According to a research by 

Rankoth et al. (2019b) on CC effects on temporal and spatial distribution of soil 

microbial communities conducted in north central Missouri, the effect of CC on total 

microbial biomass, fungal biomass, bacterial biomass and actinomycetes biomass was 

significantly higher in all CC treatments compared to the control treatment. It was also 

concluded that the microbial population was higher in CC treatment areas compared to 

the control. Therefore, there was a positive significant effect of CC on microbial 

community spatial and temporal distribution. 

Similar to the results obtained by Rankoth et al. (2019b), Finney et al. (2017) also 

observed that the presence of CC had a significantly positive effect on total soil microbial 

biomass compared to no CC in research to identify the effects of living CC on soil 

microbial community structure and functions. The study was conducted in Pennsylvania, 

USA, with eight CC species as monocultures, six species mixtures and all species 

mixture treatments. All of the CC treatments had higher PLFA concentrations compared 

to no CC treatment. The concentrations of gram-negative bacteria, non-arbuscular 

mycorrhizal fungi and arbuscular mycorrhizal fungi in CC treatments were also higher 

compared to the no CC treatment. The study also concluded that microbes responded 

differently to CC species and that the CC improved soil health by providing favorable 

conditions to microbes when cash crops were not present.  

According to a meta-analysis by Fageria et al. (2005), CC provide favorable 

conditions for the growth of soil microbes by improving soil moisture, soil organic 

matter, favorable temperature, and it helps in maintaining the soil quality through nutrient 

cycling by microbes (Turco et al., 1994; Fageria et al., 2005). Cover crops increase the 
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growth of vesicular-arbuscular mycorrhiza significantly (Boswell et al., 1998; Kabir et 

al., 2000). Therefore, this study concluded that CC had a significant effect on soil 

microbial community. 

In summary, all the evaluated studies showed that the use of CC improved the soil 

microbial diversity and richness. Rankoth et al. (2019b) observed that total microbial 

biomass, fungal biomass, bacterial biomass and actinomycetes biomass were significantly 

improved after incorporation of CC, where Finney et al. (2017) observed similar 

outcomes in a living CC. Fageria et al. (2005) also confirmed that CC have significant 

effects on soil microbes. 

2.2.9. Effects of Cover Crops on Weed Management 

Cover crops provide a major advantage in controlling weeds and in minimizing 

the use of herbicides. There is a suppressive effect of CC on weeds due to the shading 

and competition for water and nutrients (Davis, 2000, Fageria et al., 2005). Dense 

planting of CC, managing CC in the fields for longer periods (Smeda et al., 1988; Fageria 

et al., 2005) and leaving the CC residue on fields as a CC mulch (Hoffman et al., 1996; 

Fageria et al., 2005) suppresses weed growth. These effects of CC can be used to reduce 

the herbicide use in cash crops (Fageria et al., 2005).  

According to Mirsky et al. (2013), cereal rye acts as an effective weed controlling 

CC if it produces more than 8000 kg ha-1 biomass (dry weight) and the mulch thickness is 

greater than 10 cm. Under optimal management practices, cereal rye produces around 

10,000-12,000 kg ha-1. Cereal rye has three main mechanisms for suppressing weed 

growth which include, reducing the environmental conditions that break the weed seed 
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dormancy, creating a physical barrier for the weed emergence and releasing phytotoxins 

(allelopathy effects) for weeds. 

In a research on integrated weed management for maize by Norsworthy and 

Frederick (2005) conducted in Florence, South Carolina, they observed the effects of 

wheat (Triticum aestivum L.) and cereal rye (Secale cereal L.) on early season and late 

season weed control in a maize cultivation system. They observed significant effects of 

CC on weed control. Both CC resulted in greater ground cover compared to the no CC 

control where the rye (65%) was found to be more effective than wheat (40%) in 

controlling morning glory (Ipomoea lacunose). The results did not show a significant 

effect of either of these CC on late season weed control. 

A similar concept about the mechanism of CC on weed suppression was 

expressed by Ngouajio and Mennan (2005), where it was found that weed suppression by 

CC were correlated with the biomass production of the CC and the decomposing CC 

residues which suppresses weed growth by acting as a physical barrier and through the 

production of allelopathic compounds. Their study took place in East Lansing, Michigan 

to identify CC effects on weed populations and pickle cucumber (Cucumis sativus L.) 

yields, with sudan grass (Sorghum vulgare var. sudanese), rye and hairy vetch (Vicia 

villosa) CC. It was also identified that the CC residue lowered soil temperatures and 

reduced diurnal temperature variations, which were not favorable for weed seed 

germination. It was identified that the sudan grass reduced the weed density in the 

subsequent cucumber crop by 89% in 2002 and by 75% in 2003 compared to no CC 

treatment. Rye and hairy vetch controlled weed growth by 85% and 82%, respectively. 
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The results in 2002 and 2003 of this study also showed that the effect of CC on weed 

species richness was not significant. 

Ngouajio et al. (2003) observed that a cow pea (Vigna unguiculata) CC produced 

a thicker mulch which was effective in controlling weeds in lettuce (Lactuca sativa) 

cultivations over no CC treatments. The effect of cow pea and Sudan grass (Sorghum 

vulgare var. sudanese) was evaluated for weed population management in the subsequent 

lettuce crop. Summer dry fallow (no CC) treatments showed the highest weed biomass 

while cow pea CC residue showed the least. All of the CC treatments were found to be 

significant over no CC treatments in terms of weed suppression. It was also concluded in 

the study that the continuous use of the common practice of summer dry fallowing can 

increase weed populations in agriculture lands.  

Using hairy vetch as a winter CC and organic mulch can be used as a successful 

method for controlling weeds in tomato (Solanum lycopersicum L.) production 

(Campiglia et al., 2010). In a research carried out in Tuscia, Italy, Campiglia et al. (2012) 

showed a significant suppression of weeds (69%) by hairy vetch with three different 

residue placements compared to no CC/bare land treatment. The same team conducted 

another research study (Campiglia et al., 2012) on the same site to identify the effect of 

hairy vetch and oat (Avena sativa) as CC in weed control and yield improvements in 

pepper (Capsicum annuum L.) crop. According to the results, oats have shown the 

greatest weed suppressive by reducing the weed biomass by 95%, although oat/vetch mix 

CC produced the highest mulch and above ground biomass. However, when looking at 

the yields of pepper, the oat/vetch mix improved the yield of pepper significantly over the 
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oat monocrop treatment. This study suggested that the weed suppression effect by oat 

was due to the allelopathic compounds produced during the decomposition of oat residue.  

Another study was conducted at the same research site as the previous research by 

Radicetti et al. (2013) used hairy vetch, canola (Brassica napus) and oat to evaluate 

pepper yield and the weed growth in the crop. The outcomes showed that CC had a 

significant effect on weed suppression and yield improvements compared to no CC 

treatment. Oat was identified as the most weed suppressive CC over the other two CC, 

where the results were again attributed to the allelopathic compounds, N immobilization 

and physical suppression effects of oats. 

In summary, all the research work indicated that CC have a significant potential 

for weed suppression (Ngouajio et al., 2003; Fageria et al., 2005; Norsworthy and 

Frederick, 2005; Ngouajio and Mennan, 2005; Campiglia et al., 2010; Campiglia et al., 

2012; Mirsky et al., 2013; Radicetti et al., 2013). The main mechanisms of weed control 

by CC are identified as allelopathic effects by CC, physical barrier to weed seedling 

emergence and preventing the weed seed dormancy breaking factors. 

2.2.10. Effects of Cover Crops on Subsequent Crop Yields 

Cover crops can have varying effects on the subsequent cash crop depending on 

environmental and CC related factors. Studies indicated positive (Ngouajio and Mennan, 

2005), negative (Oliviera et al., 2013), and neutral (Abdalla et al., 2019) effects of CC on 

the yields of the subsequent cash crops. According to Korsakov et al. (2015), CC can 

affect the yield of the main crop both positively and negatively, where positive effects are 

mainly due to nitrogen fixation by leguminous crops, weed growth suppression and 

improving the soil physical and chemical properties. The negative effects are mainly due 



   

 

44 

 

to the competition for water and nutrients between the main crop and CC. In their study 

in the Argentine Pampas, the authors concluded that the use of CC in humid regions of 

the research area did not show significant effects on corn or soybean yield. However, in 

the semi-arid region, a positive significant effect of CC was identified on yields of corn, 

but not on soybean. 

Dagel et al. (2014) conducted a study on improving soybean performance through 

use of CC combinations of buckwheat (Fagopyrum esculentum), slender wheat grass 

(Elymus trachycaulus), oilseed radish (Raphanus sativus) and turnips (Brassica rapa 

subsp. rapa) in eastern South Dakota. Under optimum growing conditions, they observed 

that the CC had neither positive nor negative effects on improving the quality or the yield 

of soybean compared to no CC. However, the same study identified that under stress 

conditions, CC had a yield advantage over no CC treatments. A supportive conclusion to 

the previous study was expressed by Delgado and Gantzer (2015). They concluded that 

CC can potentially contribute to higher yields as well as reduced yields. Similar results 

were observed by Strock et al. (2004) in research conducted in southwestern Minnesota, 

to identify the effects of CC on nitrate loss reduction in a corn-soybean cropping system. 

The yield analysis with rye as the CC showed no significant effect of CC on yield 

improvements of soybean.  

Cucumber (Cucumis sativus) cropping systems could be improved using both 

summer and winter CC (Ngouajio and Mennan, 2005). The objective of this research was 

to evaluate CC effects on weed management and yield of pickling cucumber near East 

Lansing, Michigan. In their experiment with Sudan grass (Sorghum vulgare var. 

sudanese), cereal rye (Secale cereale L.) and hairy vetch (Vicia villosa), sudan grass is an 



   

 

45 

 

effective CC in both suppressing weed growth and improving the cucumber yield. Cereal 

rye also provided significant increases in yields and weed suppression, but the excessive 

crop residue biomass produced by rye can immobilize nutrients and interfere with land 

preparation practices. Hairy vetch reduced cucumber yield due to allelopathic effects, 

even though it provided excellent weed suppression. Sudan grass and rye were successful 

in both yield improvement and weed suppression in cucumber cultivation compared to 

the control or hairy vetch treatments.  

Skoufogianni et al. (2013) observed significant increase in yields in maize, where 

pea (Pisum sativum) was used as a CC in sandy loam textured soils, but results were 

significant under both low-N fertilized and zero-N fertilized plots. The results were even 

greater when high-N fertilization was practiced. The effect of pea as a CC on sunflower 

cultivation was also studied in the same research, which also showed a significant yield 

increase when CC were incorporated. The usage of pea as a CC in maize and sunflower 

resulted in improved yields. 

A meta-analysis done by Miguez and Bollero (2005) on corn yields under winter 

CC concluded that CC had a great potential in increasing or maintaining corn yields. In 

the same study, the authors concluded that the leguminous winter CC had a positive 

effect on corn yield, regardless of the nitrogen fertilizer rate (NFR). Fageria et al. (2005) 

suggested that the yield increment using CC can depend on management of CC, 

management of the main crop, and the agroecological region. As per the meta-analysis 

conducted by Fageria et al. (2005), evidence favors of yield increases with use of CC. 

Significant yield increases were also observed by Hively et al. (2001) in corn when white 

clover and red clover were used as CC. Positive N yield responses were observed in 
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cereal crops compared to cereal monocultures when cereals were followed by legume CC 

according to a study conducted by Chalk (1998). Relative increases of 16-353% in cereal 

grain yields were observed by Peoples et al. (1990) when tropical grain legumes were 

used as CC compared to cereal-cereal monocropping. Increased yield responses of cereals 

after legume CC compared to non-legume CC were mainly explained by the amount of 

nitrogen fixed by legume CC (Rowland et al., 1988). 

In a study to evaluate the effect of CC and herbicide timing on the corn and 

soybean yields, Oliveira et al. (2013) found that Brachiaria brizantha did not increase the 

yield/yield components of soybean in Santo Antônio de Goiás, Brazil. However, common 

bean and millet used as a CC significantly increased the yield components of soybean 

such as the number of pods per plant and the 100-grain weight as well as the final yield 

compared to Brachiaria brizantha. The study interpreted these results as the effects of the 

amount of straw produced by CC, where excessive amounts of CC residue produced by 

Brachiaria brizantha resulted in affecting the emergence of soybean seedlings and plant 

growth. However, an interaction effect between CC and the desiccation times of CC 

showed a significant effect on the corn yield following millets and Brachiaria brizantha, 

but not following common bean. In millet, delayed planting of corn after termination of 

CC reduced the corn yields since millet residue degradation rate is very high compared to 

other CC in the experiment. The quick degradation and nutrient release reduced the 

available nutrients to the corn crop, which resulted in lower yields. In Brachiaria 

brizantha, higher desiccation times increased the corn yield, where common bean did not 

have an interaction effect on corn yields. 
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As per a meta-analysis by Abdalla et al. (2019), the inclusion of legume CC and 

non-legume CC as monocultures in crop rotations caused significant decrease in the 

subsequent crop yields by an average of 4%. The same study also concluded that the 

legume-non-legume CC mixtures results in significant increase of the primary crop yield 

by approximately 13%. The use of legume CC increases the N content in the final yield, 

where other CC reduces the N content in soil. The use of CC under conventional tillage 

also affects negatively on the primary crop yield, where conservation tillage coupled with 

CC shows no significant effect on the primary crop yield.  

A meta-analysis by Fageria et al. (2005) provided supportive evidence on the 

negative effects of CC to the succeeding crop. The nitrogen immobilization by CC did 

not release N timely to the succeeding crop was a major disadvantage identified by 

several research studies (Vyn et al., 1999; Karlen et al., 1991; Martinez et al., 1990; 

Francis et al., 1998; Wyland et al. 1995; Paul et al., 1989). Allelopathic effects by some 

rye CC genotypes resulted in reduced yields in the subsequent corn crop (Raimbault et 

al., 1990). In addition, some CC act as alternate hosts to pests, diseases, and nematodes 

which can affect the subsequent crop yield (Sustainable Agriculture Network, 1998). 

In summary, CC can have positive, negative, or neutral effects on the subsequent 

cash crop yield. Composition of the CC (monoculture/mixed CC) have shown significant 

effects on crop yields. Fageria et al. (2005) and Abdalla et al. (2019) concluded that CC 

mixtures have a greater effect on cash crop yields over monocultures. According to 

Fageria et al. (2005), leguminous CC commonly improve cash crop yields compared to 

other CC due to their N-fixation ability. The gap between CC termination time and the 

seeding of the cash crop can also affect the effectiveness of the CC. If the termination 
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was too early in a quickly degrading CC, nutrients released by CC will be wasted, since 

the cash crop was not established early enough to uptake available nutrients (Fageria et 

al., 2005; Oliviera et al., 2013). Sometimes, CC negatively affect the cash crop yield due 

to the allelopathic effects of the CC (Fageria et al., 2005) and due to excessive amount of 

biomass production, which affects the seedling emergence (Fageria et al., 2005; Oliviera 

et al., 2013). Therefore, it can be summarized that the correct timing, selection of CC 

variety and blend composition along with the cash crop variety selection and seeding 

time can result in yield improvements following the CC. 

2.2.11. Soil Thermal Properties 

Soil thermal properties are one of the major factors in mass and energy exchange 

processes between plant, soil, and atmosphere (Usowicz et al., 1996). According to Abu-

Hamdeh and Reeder (2000), soil thermal properties play a major role in agronomy and 

soil science due to their influence on the soil microclimate. Seed germination, seedling 

emergence, and subsequent stand establishment like crop growth stages are influenced by 

the soil microclimate (Ghuman and Lal, 1985; Abu-Hamdeh and Reeder, 2000). Soil 

thermal properties influence the soil temperature and the transfer of heat across the 

ground surface, which plays a significant role in crop production (Ochsner et al., 2001), 

Soil temperature is a major factor which affects the soil microbial composition (Vidana 

Gamage et al., 2019). Therefore, it can be speculated that soil thermal properties can 

affect the microbial activities including nutrient cycling and organic matter (OM) 

decomposition. Cover crops also have significant effect on these processes; therefore, it is 

important to study the effects of CC on soil thermal properties.  
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Soil thermal properties including heat capacity (Cv), soil thermal conductivity (λ) 

and thermal diffusivity (α) are highly dependent on volumetric water content (θ) (Ochsner 

et al., 2001). In a study conducted in Columbia, Missouri, Haruna et al. (2017) evaluated 

the influence of perennial biofuel crops and CC on soil thermal properties. This study 

analyzed the effects of CC on soil thermal properties under laboratory conditions by 

conducting tests on soil samples obtained from field plots. They found that λ and Cv 

decreased, and α increased with decreasing soil moisture content. The CC treatments 

included cereal rye (Secale cereale), hairy vetch (Vicia villosa) and Austrian winter pea 

(Pisum sativum) had a 13% increase in Cv over no CC treatment. The no CC treatment 

had significantly higher α values compared to the CC treatment. It was assumed that the 

higher SOC content and the lower soil bulk density of CC treatments caused these effects 

on α and Cv. It was also observed that the θ has a direct linear relationship with Cv and λ. 

The θ was inversely related with the thermal diffusivity. The SOC showed an inverse 

relationship with λ and a direct relationship with Cv. The study also predicted that the 

management practices like cover cropping, and perennial biofuel crops reduced λ through 

increased SOC contents. 

A study conducted in Lincoln, Nebraska by Sindelar et al. (2019) on CC and corn 

residue removal on soil thermal properties revealed that CC residue removal had no 

significant effect on soil thermal properties, but corn residue removal had a significant 

effect on the soil thermal properties. The study reported both field as well as laboratory 

soil thermal readings. It was observed that residue removal reduced λ and Cv in both lab 

and field conditions at two soil depths (0-5 cm and 5-10 cm). However, CC treatments 

had no significant effect on soil thermal properties at studied soil depths in both lab and 



   

 

50 

 

field conditions. They also observed that λ and Cv were positively correlated with VWC 

and bulk density. Soil thermal conductivity also showed positive correlations with SOC. 

Soil thermal diffusivity had no significant correlations with VWC or bulk density. The 

study concluded that θ, bulk density, and SOC are effective predictors of soil thermal 

properties.  

It is evident that research studies on the effects of CC on soil thermal properties 

are limited in the literature. A number of studies have observed the effects of different 

cropping systems, bulk density, SOC, and θ on soil thermal properties. According to a 

laboratory study by Ochsner et al. (2001), λ decreased in a soil with the increase of 

volume fraction of air in soil, which was also a strong linear relationship. They have used 

four different soil textures (sandy loam, clay loam, silt loam and silty clay loam) and 

observed that the increase in Cv of soils were significantly related to the increase of θ of 

soil, but for medium textured soils, soil thermal properties were strongly corelated with 

volume fraction of air (Va) rather than the θ. The volume fraction of solids in soil has less 

effect on Cv of soil compared to the effect of volume fraction of air and volumetric water 

content of soil. The α is the ratio between λ to Cv of a soil; therefore, it depends on the 

factors affecting those two parameters. Similarly, Tong et al. (2019) also conducted a 

research on soil thermal properties as a function of VWC, bulk density, and soil air 

content at Ames, Iowa. They observed that at a certain bulk density, Cv and λ increased 

with increasing VWC. It was also observed that soil thermal properties had linear 

relationships with the soil air content of an undisturbed soil. All three soil thermal 

properties (λ, Cv, and α)  showed negative linear correlations with soil air content.  
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Adhikari et al. (2014) compared soil thermal properties under prairies (Tucker 

Prairie and Prairie Fork), conservation buffers (agroforestry buffer and grass buffer) and 

corn-soybean land use systems. Other than the soil thermal properties (α, λ and Cv), they 

have also evaluated the effects of SOC and bulk density on the soil thermal properties at a 

40-cm depth in 10-cm increments. Corn-soybean rotations had significantly higher λ and 

α compared to other land use systems where Tucker prairie had the lowest at all soil 

depths. Tucker prairie had the highest Cv, while corn-soybean rotations had the lowest. 

The SOC was directly related with the Cv and inversely related with λ and diffusivity. 

The θ was directly related with λ and Cv and inversely related with thermal diffusivity. 

For all land use systems, λ increased from 0-10 cm to 20-30 cm depth and decreased 

from 20-30 cm to 30-40cm depth. The Cv decreased from 0-10 cm to 20-30 cm depth and 

increased from 20-30 cm to 30-40cm depth. It was concluded that there was a significant 

correlation of SOC, θ, and bulk density of soil with the soil thermal properties which 

were either positive or negative. Since Tucker prairie, prairie fork, agroforestry buffer 

and grass buffer had lower λ in the deeper soil layers, it was also concluded that those 

soils had a higher potential to conserve more moisture and increase longevity of SOC in 

the soil.  

The spatial variability of soil thermal properties of cultivated fields is mainly 

determined by the soil moisture content and the bulk density of the soil (Usowicz et al., 

1996). In research on the spatial variability of soil thermal properties under cultivated 

fields in Felin, Poland, which was similar to the previous research, the bulk density and θ 

of soil was measured in addition to the λ, α, and Cv of soil. According to the authors, the 

spatial dispersion of λ and α increased with medium range θ and decreased at higher θ. 
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The λ and α also showed a direct, non-linear relationship with bulk density, similar to 

their relationship with θ. Soil heat capacity showed strong linear relationship with θ, but 

not as strong of a linear relationship with bulk density. 

Usowicz et al. (2017) compared the thermal properties with soil moisture content 

and soil bulk density in the Murrumbidgee river in Australia. According to the outcomes, 

they found that spatial variations in soil thermal properties were closely related with the 

spatial variation in bulk density and soil moisture content. They observed lower 

gravimetric soil moisture contents (g) on the west part of the river (≈ 0.05) which 

increased towards east side (≈ 0.325), where the λ also showed the same pattern (positive, 

non-linear) where it was ≈ 0.25 Wm-1K-1 on west part and ≈ 2.25 Wm-1K-1 on the east. 

They also observed a non-linear positive relationship between λ and bulk density. Soil 

heat capacity also increased from west (≈ 1.1 MJm-3K-1) to east side (≈ 2.4 MJm-3K-1) 

indicating the positive linear relationship between g and Cv. However, the bulk density 

did not show a clear relationship with Cv. Bulk density indicated a very similar pattern 

with α spatial distribution, where g had less impact on the spatial variation of α. Zimmer 

et al. (2020) investigated the effect of soil moisture on soil thermal properties of a natural 

pasture in Pampa biome, Brazil, and observed that λ increased with increasing soil 

moisture as soil moisture creates water bridges between soil particles, facilitating higher 

heat conductance.  

Usowicz and Lipiec (2020) conducted a research in Poland and Czech Republic to 

identify the effects of exogenous organic matter on soil thermal properties. They used 

three different exogeneous organic matter types as treatments, which included biogas 

production residue (Dg), compost (produced using manure, straw, etc.) (Ag), industrial 
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organic compost (produced using sewage sludge) (Ra), and animal meal (Mb). At field 

moisture conditions, Dg had the highest λ and Cv where Ra and Dg had the highest α. At 

the dry soil conditions, Mb had the highest λ and Cv where Ra had the highest α. The 

authors did not find a clear relationship between λ and exogeneous organic matter 

application, where Cv showed positive relationships as well as negative relationships in 

two countries in different time periods. However, α was less sensitive to the changes in 

exogenous organic matter application rates compared to the other two properties. 

 Zhao et al. (2016) evaluated the effects of biochar amendments on soil thermal 

properties in Huantai, Shandong, China, which included three treatments, 1) control 

(CK), 2) 4.5 t ha-1year-1 biochar (B4.5), and 3) 9 t ha-1year-1 biochar (B9.0). Results 

indicated that during the wheat tillering stage, B4.5 treatment had 9.1% lower Cv, while 

B9.0 had 19.1% lower Cv compared to the control, but it was concluded that biochar 

amendments had no correlation with Cv. It was also observed that B9.0 and B4.5 had 

significantly lower (0.3-32.2% less) λ than control during growing stages of wheat and 

corn. It was also observed that α showed a negative correlation (0.6-21.5% reduction) 

with increasing biochar amounts. It was concluded that biochar significantly changed the 

λ and α of the soil possibly through changing soil physical properties such as bulk density 

and θ.  

In summary, it was clearly identified by all the research studies that the SOC, θ, 

and bulk density of soils have significant effects on soil thermal properties. In general, λ 

and Cv increased with increasing θ, where α decreased according to most studies (Haruna 

et al., 2017). Increasing SOC caused reductions in λ and α (Adhikari et al., 2014; Zhao et 

al., 2016), increased Cv (Adhikari et al., 2014). Increased soil bulk density increased λ 
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and α, and reduced Cv (Adhikari et al., 2014). Although the soil thermal properties can be 

explained as a function of volumetric water content, Ochsner et al. (2001) suggested that 

the volume fraction of air in soil has a stronger relationship with soil thermal properties 

than the volumetric water content in medium textured soils.  
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CHAPTER 3 

Effects of Cover Crops on Soil Moisture Dynamics of a Corn 

Cropping System 

3.1. Abstract 

Climate change induced rainfall patterns have increased environmental extremities 

such as severe droughts and floods which can affect volumetric soil moisture content (θ), 

thus food security. Integrating cover crops (CC) with cropping systems can help mitigate 

these extreme conditions and improve soil water availability. The objective of this study 

was to evaluate the CC effects on the θ of a corn (Zea mays L.) cropping system. The 

study was conducted at the USDA Elsberry Plant Material Center, Missouri, USA, with 

three treatments: no-till cover crop (NC), conventional till no cover crop (CN), and no-till 

no cover crop (NN). Cereal rye (Secale cereale L.), crimson clover (Trifolium 

incarnatum L.), and daikon radish (Raphanus sativus L. var. Longipinnatus) CC mixture 

was established in the NC treatment in 2019 (first CC establishment). Spectrum 

Technologies Water Scout SM100 soil moisture sensors installed at 5-, 10-, 20- and 40-

cm soil depths monitored θ in 15 min intervals throughout the study period. Numerically 

and significantly greater θ values were observed in the CN treatment than NC and NN at 

the first three depths during most of the study period. The NC treatment maintained 

higher θ than NN at all the studied depths during growing periods and were significantly 

different during some weeks. Results indicate that long-term use of CC can improve soil 

moisture dynamics of corn cropping systems through improved soil organic matter and 

would be a viable solution in soil moisture conservation.       
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3.2. Introduction 

Soil moisture plays a major role in crop production, where water infiltration and 

drainage of the soil governs the soil moisture content (Bharati et al., 2002). With climate 

change, the variability of rainfall patterns has increased with time (Basche et al., 2017), 

which can increase the occurrence of environmental extremities such as severe droughts 

as well as more frequent floods. Excessive soil moisture content can limit soil aeration, 

which can create anerobic conditions for plant roots, while moisture deficits may cause 

crop stress conditions, where both extremities can affect the crop yield (Tan et al., 2002).  

Use of cover crops (CC) in cropping systems can help mitigate those extreme 

conditions (Unger and Vigil, 1998), where soil water relationships of the cash crop can be 

controlled by CC. Cover crops are also known to provide many benefits such as erosion 

control (Rather et al., 2017; de Baets et al., 2011), rich and diverse soil microbiota 

(Finney et al., 2017; Rankoth et al., 2019a), improved soil organic carbon (SOC) 

(Crusciol et al., 2015; Rankoth et al., 2019b), weed suppression (Ngouajio and Mennan, 

2005; Mirsky et al., 2013), yield benefits (Fageria et al., 2005; Abdalla et al., 2019), soil 

N improvements (Muhammad et al., 2019; Rimski-Korsakov et al., 2015), 

and improvements in available soil phosphorus (Fageria et al., 2005; Weerasekara et al., 

2017; Janegitz et al., 2017; Sharma et al., 2018). The effect of CC on soil water 

relationships can be positive (Chalise et al., 2018; García-González et al. 2018), negative 

(Rimski-Korsakov et al., 2015; Noland et al., 2018; Meyer et al., 2020), or neutral (Rusch 

et al., 2020; Storr et al., 2020). The effect depends on factors like the rate of infiltration or 

drainage of soil water, time of CC termination, irrigation after CC termination, 
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precipitation characteristics, infiltration, evaporation, amount of organic matter added to 

the soil by CC and transpiration by CC (Frye et al., 1988; Unger and Vigil, 1998).  

 Cover crops can provide positive effects to cash crops either through removal of  

excess water from the soil (Unger and Vigil, 1998), or by conserving water for cash crops 

where water is limited (Rankoth et al., 2021). Cover crop mulch can increase rainwater 

infiltration and reduce evaporation losses. Therefore, they can increase the water 

availability for the subsequent cash crop. They also can remove excess water stored in the 

soil through evapotranspiration and create optimum soil moisture conditions for cash 

crops (Smith et al., 1987; Unger and Vigil, 1998).   

The CC effects on soil moisture can be negative if there is insufficient time 

between CC termination and the seeding of the cash crop to recharge the soil moisture 

through precipitation. This can lead to a soil moisture deficit for the cash crop (Unger and 

Vigil, 1998; Duval et al., 2016; Noland et al., 2018; Meyer et al., 2020). According to 

Rimski-Korsakov et al. (2015), CC grown in corn (Zea mays L.)-soybean (Glycine max 

L.) rotations in South America reduced the soil water content at the seeding stage of cash 

crop. However, when the seeding of the cash crop was delayed for two or more months 

from the CC termination, the moisture contents did not affect the cash crop germination. 

This study agrees with the conclusions made by Unger and Vigil (1998) on the 

importance of timing the CC termination and cash crop seeding.  

Several previous studies have shown significant effects of CC on subsurface 

drainage and nutrient concentrations. According to Strock et al. (2004), subsurface 

drainage was reduced by 11% with a cereal rye (Secale cereale L.) CC before corn. The 

authors attributed these benefits to increased evapotranspiration and water uptake by 
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cereal rye, which reduced the soil water content. However, Kaspar et al. (2012) reported 

contrasting results, CC had no significant effect on subsurface drainage, where both 

studies were conducted on corn-soybean rotations and used similar CC species.  

Soil hydraulic properties can be improved by CC residues through improvement 

of soil structure, aggregate stability, and soil porosity (Haruna et al., 2018; Rankoth et al., 

2021). The CC helps reduce surface water runoff through prevention of seal formation 

caused by the impact of raindrops on an exposed soil surface, which also results in 

improved soil moisture content through increased infiltration (Fageria et al., 2005). These 

beneficial changes in soil moisture were directly related to SOC (Olson et al., 2010). 

Rankoth et al. (2021) observed improvements in soil moisture content, soil moisture 

recharge and infiltration after a rainfall event when CC were incorporated into a corn-

soybean rotation. It was also observed that the CC treatment had higher soil moisture 

content during drought periods compared to no CC treatment (Rankoth et al., 2021). 

These outcomes were also attributed to addition of SOC by CC and other improvements 

in soil properties.  

García-González et al. (2018) observed 13% and 8% greater soil moisture 

retention with barley (Hordeum vulgare L.) and hairy vetch (Vicia villosa L.) CC, 

respectively, compared to the fallow treatment at field capacity. The study also found that 

barley CC significantly increased the saturated hydraulic conductivity (Ksat) (36 cm h-1) 

compared with the fallow treatment (14 cm h-1). It was concluded that barley was more 

effective in improving soil hydraulic properties than hairy vetch and fallow treatments. 

Similarly, Nouri et al. (2019) observed 28% and 29% greater soil moisture contents at 0-



   

 

69 

 

15 and 15-30 cm soil depths, respectively, in CC treatments compared to fallow soil. 

They also observed significantly higher Ksat with hairy vetch CC treatment. 

Chu et al. (2017) also observed significantly higher gravimetric soil water content 

in a five species CC treatment (cereal rye, oats, purple top turnips (Brassica 

campestris L.), daikon radish, and crimson clover) compared to a no CC control. In their 

study, single and two-way CC mixture treatments did not show significant differences in 

gravimetric soil moisture content compared to the control treatment. The findings were 

based on a single season, the authors suggested that multi-year data will be needed to 

understand the long-term effects of CC on soil water. 

There are a lot of studies on CC effects on soil moisture, and most of them are 

based on findings from a single season. Very few studies can be found on the variations 

in soil moisture content in a corn cropping system, just after converting from 

conventional tillage system to a CC system. There is a need to quantify the effects of CC 

on soil moisture dynamics under a production farming system with conventional tillage 

practices. The main objective of this study was to evaluate the effects of CC on soil 

moisture content of a corn cropping system.  

3.3. Materials and Methods 

3.3.1. Site Description 

The study was conducted at the Elsberry Plant Material Center (USDA-NRCS) in 

Lincoln County, East Missouri (39°09'24.1"N 90°47'15.5"W; Fig. 3.1), United States. 

The study area was under little bluestem (Schizachyrium scoparium (Michx.) Nash var. 

scoparium) production for 18 years until 2017 and converted to a corn-soybean rotation 

in 2018. The soil at the study site is Menfro silt loam (fine-silty, mixed, superactive, 
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mesic Typic Hapludalfs) with five to nine percent slopes, and eroded (Soil Web Survey 

map unit 60168) (https://casoilresource.lawr.ucdavis.edu/gmap/). The mean annual 

precipitation is 1036 mm, and the mean annual snow fall is 422 mm. The mean annual 

temperature is 13.1ºC (lowest mean is 6.7ºC and highest mean is 19.4ºC). 

Figure 3.1. Study site location (A) Missouri state within the United States, (B) Lincoln 

County within the Missouri state and (C) Research treatments of no till cover crop (NC), 

conventional till no cover crop (CN) and no till no cover crop (NN) at Elsberry NRCS 

Plant Material Center premises in Lincoln County, Missouri. 

 

3.3.2. Treatments 

Study treatments were: 1) no-till cover crop (NC), 2) conventional till no cover 

crop (CN) and 3) no-till no cover crop (NN) (Fig. 1). In all three treatment plots, the corn 

stubble was mowed after the corn was harvested in October 2019. The CN plot was tilled 

with a John Deere 627 Disc (Deere & Company, Moline, Illinois) before planting corn 

during the whole study period. The NN treatment was allowed to remain fallow after corn 

harvest and was not tilled before the next corn sowing for the whole study period. A 3-

species CC mixture was established on the NC on 20 October 2019 (first CC 

establishment) as well as on 01 October 2020 after harvesting corn. The mixture 

consisted of 60% ‘Maton’ cereal rye (Secale cereal L.), 30% ‘Kentucky Pride’ crimson 

clover (Trifolium incarnatum L.) and 10% ‘Enricher’ daikon radish (Raphanus sativus L. 

var. Longipinnatus) by volume. Seed rates for ‘Maton’ cereal rye, ‘Kentucky Pride’ 
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crimson clover and ‘Enricher’ daikon radish were 26.90 kg ha-1, 5.04 kg ha-1, and 0.56 kg 

ha-1, respectively. Cover crop was terminated on 21 April 2020 and 19 April 2021 with 

glyphosate at 4.7 L ha-1 plus 2,4-D at 1.2 L ha-1 using a Redball 3-point PTO driven boom 

sprayer (Willmar Fabrication, Benson, MN). The ground was disked twice using a John 

Deere 627 Disc (Deere & Company, Moline, Illinois) to approximately 20 cm deep in the 

CN plot on 11 May 2020 and 12 May 2021. On the same day, all three plots were 

fertilized with urea (46-0-0, 507 kg ha-1, 453 lb ac-1) using a Willmar 600 fertilizer 

spreader (AGCO, Duluth, Georgia) and planted with ‘P9492AM’ corn seeds (Corteva 

Agriscience, Johnston, IA) using a Kinze 3000 seeder at 74,131 seeds ha-1 (30,000 seeds 

ac-1). In all three plots, weeds were killed on 29 May 2020 and 09 June 2021, at the V4 

stage of corn development with glufosinate (Liberty Link, 2.242 kg ha-1) using the same 

sprayer. On 28 September 2020, a controlled burning was performed in all three 

treatment plots to control weeds. 

Spectrum Technologies Water Scout SM100 soil moisture sensors (Spectrum 

Technologies, Aurora, IL) were installed on 26 October 2019 at 5-, 10-, 20- and 40-cm 

soil depths to monitor soil moisture. In each treatment, soil moisture data were collected 

from four locations. Soil moisture content was recorded as a percent volumetric water 

content (θ) at 15-min intervals continuously throughout the study period. Data were 

downloaded monthly into a 2000 series Watchdog Data Shuttle (Spectrum Technologies, 

Aurora, IL) or directly to a laptop computer using Spectrum technologies SpecWare 9 pro 

software. A total of 48 (3 treatment plots x 4 locations per plot x 4 depths per location) 

soil moisture sensors were monitored throughout the study period. The mean θ for every 

Monday was calculated from 15 min interval data and graphed for the whole study 
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period. Soil moisture recharge during a selected rainfall event was graphed using the 15-

min interval data to identify the effects of CC on soil moisture recharge. 

Soil bulk density (BD) was estimated for each plot at four depths by collecting 

bulk density samples (7.6 cm internal diam., 7.6 cm long). Gravimetric moisture contents 

(w) were estimated throughout the study period by collecting soil samples from all 4 

depths and all 3 treatment plots near the soil moisture sensors. The w values were 

converted into calculated volumetric water content (θc) using the calculated BD. These θc 

values were used to develop linear regression relationships to calibrate the soil moisture 

sensor readings at each soil depth. Above-ground biomass data were collected at cover 

crop termination and corn harvesting events to determine the amount of organic matter 

accumulation in each treatment.  

3.3.3. Statistical Analysis 

Statistical Analysis was conducted using Analysis of Variance (ANOVA) and 

General Linear Model (GLM). The least significant differences between treatments were 

determined using Duncan’s multiple range test (DMRT). All the tests were performed at 

95% confidence interval to evaluate the effects of CC and tillage treatments on weekly θ 

values, soil moisture recharge during the selected rainfall event and mean θ for different 

growing periods of the study. SAS University Edition (V 9.4) Software was used for the 

data analysis.  
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3.4. Results and Discussion 

3.4.1. Weather Condition 

Figure 3.2 shows the long-term mean (1981-2010) and monthly precipitation and 

temperature near Elsberry, Missouri during the study period. During the first CC period 

of the study (October 2019 to April 2020), the area received 2.7% more precipitation 

compared to the long-term mean rainfall for the same period (547 mm). November 2019 

(+129%) and January 2020 (-61%) showed the highest deviation from their respective 

long-term precipitation values (96 mm and 57 mm), indicating that the area experienced 

extreme precipitation events during this period. October and December 2019, February, 

March, and April 2020 showed -18% to +17% deviations in precipitation from the long-

term monthly values. The mean monthly temperatures for the period also showed larger 

deviations from their respective long-term means, which ranged from -2% to +157% 

(compared to 0.6°C and 1.9°C respectively).  

Figure 3.2. October 2019 to June 2021 monthly and 30-year mean precipitation 

(PPT) and temperature (Temp) in Elsberry, MO. (Source: National Climatic Data 

Center and National Water and Climate Center) 
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During the corn growing season in 2020 (May 2020 – October 2020), the area 

received 9% less precipitation compared to the long-term precipitation. Monthly 

precipitation showed -51% to +45% deviations from the long-term precipitation values 

with August 2020 (+45%) and October 2020 (-51%) showing the largest deviations. The 

corn growing season had colder temperatures than the long-term mean throughout the 

2020 growing season, which showed -33% to -13% deviations from their respective long-

term monthly mean temperatures.    

During the second CC period (fall 2020 – spring 2021), the area received 5.7% less 

precipitation, while the deviations ranged between -74% to +44%. December 2020 and 

Feb 2021 received 74% and 72% less monthly precipitation compared to their respective 

long-term precipitation values. March and April 2021 received 44% and 40% more 

precipitation, respectively. Monthly mean temperatures showed higher magnitude 

deviations for the period of January and February 2021, which were 102% and 421% 

colder than their respective long-term means. 

3.4.2. Soil Moisture Sensor Data Calibration 

The manufacturer specifications provided by Spectrum technologies for Waterscout 

SM100 sensor indicated that the sensor resolution for θ measurement is 0.1% with an 

accuracy of ±3% at EC < 8 mS cm-1 and 0.5 - 80°C temperature range (SM100 soil 

moisture sensor product manual, Spectrum technologies, Aurora, IL). The linear 

regressions were developed using the calculated θc and sensor estimated θ values. A 

common regression model was developed for 5- and 10-cm soil depths as their individual  

regression models shared similar slopes and intercepts, where the coefficient of 

determination for the regression model was 72% and the slope was 0.77 (Fig. 3.3).  
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For 20- and 40-cm soil depths individual regression models were developed as 

they had highly deviated slopes and intercepts compared with first two soil depths due to 

higher clay contents. The coefficient of determination for the regression model for 20 cm 

soil depth was 44% and the slope was 0.57 (Fig. 3.3). The regression model for the 40 cm 

soil depth had the lowest coefficient of determination and slope, which were 42% and 

0.48 (Fig. 3.3). 

Figure 3.3. Relationships between measured volumetric water contents (VWC) and 

sensor estimated VWC for 5- and 10-, 20-, and 40-cm soil depths for Menfro soils 

at Elsberry Plant Materials Center, Missouri. 
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Clay contents were 16% and 33% for 0-18 and 18-83 cm soil depths According to web 

soil survey (https://casoilresource.lawr.ucdavis.edu/soil_web /property_with_depth_table 

.php?cokey=19784136). Similar to our results, Udawatta et al. (2011) and Alagele et al. 

(2020) also used depth specific equations to calibrate soil moisture contents. Udawatta et 

al. (2011) also suggested that differences in clay% among soils were the main reason for 

the use of individual equations.  

In our study, three different equations were used to calibrate sensor estimated θ to 

determine soil water dynamics, recharge, and soil water to compare treatment effects. 

However, Rankoth et al. (2021) reported a single regression equation instead of three 

different equations for three soil depths in their study. They observed 0.88, 0.84, and 0.75 

co-efficient of determinations at 10-, 20-, and 30-cm soil depths respectively, where they 

observed a 0.82 co-efficient of determination when they combined all three depths with a 

slope of 0.9. As the slopes and intercepts of three separate equations were not 

significantly different, they used a combined equation for soil moisture calibration. 

3.4.3. Soil Moisture Dynamics 

The soil moisture dynamics of the study field were determined at four soil depths 

from 2 March 2020 to 7 June 2021 (Fig. 3.4). As the sensor manufacturer’s specifications 

indicated, the SM100 sensors accuracy is compromised under freezing conditions (< 

0.5°C); therefore, the sensor readings from December, January, and February months 

were not included as freezing conditions prevailed during those months. Cover crops 

were seeded for the first time on 20 October 2019 (first CC establishment), where they 

started to emerge from the soil during the first week of November 2019.  
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Date 
Figure 3.4. Precipitation in Elsberry, MO during the study period and soil moisture dynamics for 

no-till no cover crop (NN), conventional till no cover crop (CN), and no-till cover crop (NC) 

treatments at 5-cm, 10-cm, 20-cm, and 40-cm depths. The shaded areas represent the cover crop 

periods. Vertical bars indicate LSD (0.05) values for dates with significant differences between 

treatments at each soil depth. 
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Cover crops showed active growth starting from mid-February until the cover crop 

termination on 21 April 2020. Similarly, CC were sown on 5 October 2020, where they 

started to emerge in mid-October 2020. Cover crops showed active growth from March to 

April 2021 and were terminated on 26 April 2021.   

During the CC period from October 2019 to April 2020, CN and NC had significantly 

higher θ than NN at 5-, 20-, and 40-cm depths (Fig 3.4). Cover crops extracted soil water 

for their growth, which resulted in reduced θ in NC compared to CN, as CN had 

comparatively less vegetation cover. However, this lower θ in NC was significantly 

different from CN only for one week out of this growing period. According to our above-

ground biomass data, in April 2020 (at the peak of CC growth) CN and NC had 9,119.87 

kg ha-1 and 9,118.13 kg ha-1 above-ground biomass, respectively (Table 3.1).  

Although they had similar above ground biomasses, the standard deviation of CN 

biomass was greater compared to NC. That indicated a more uniform vegetation cover by 

CC in the NC treatment compared to the less uniform weed and crop residue distribution 

in CN. The NN treatment had dense weed growth (11,565.53±3,023.46 kg ha-1 above-

ground biomass) (Table 3.1), which might have contributed to the numerically lowest θ 

among the three treatments during the same time period. During this period, it was also 

evident that all three treatments showed greater magnitude in fluctuations in θ at the 5-cm 

Table 3.1. Measured total above-ground biomasses (dry weight) (kg ha-1) for no-till cover 

crop (NC), conventional till no cover crop (CN), and no-till no cover crop treatments at 

Elsberry Plant Materials Center, Missouri. 

12/5/2019 4/15/2020 9/25/2020 4/21/2021

NC 7562.40 ± 896.98 9118.13 ± 1882.09 19837.40 ± 3950.51 14611 ± 1981.92

CN 8086.6 ± 1770.58 9119.87 ± 3091.26 14831.20 ± 3779.20 7714.98 ± 1448.98

NN 8007.10 ± 3505.33 11565.53 ± 3023.46 16573.60 ± 2945.89 10651.4 ± 1886.81

Treatment 
Average Above-Ground Biomass (kg ha

-1
)
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depth following a precipitation event, which gradually decreased with increasing depth. 

Similarly, Rankoth et al. (2019c) and Rankoth et al. (2021) also observed numerically 

higher θ values in CC treatment compared to the control treatment during the CC periods 

of their study at all three studied depths, with significant differences in some weeks. They 

attributed the observations to the improved SOC, improved porosity, and other soil 

properties by CC. However, it was observed that higher weed biomass contributed to the 

lower θ in NN compared to other two treatments in our study. Mirsky et al. (2013) 

showed that cereal rye under optimum management can produce 10,000-12,000 kg ha-1 

above-ground biomass. It was also identified that the cereal rye can suppress weed 

growth by creating a physical barrier for weed emergence. Similarly, Campiglia et al. 

(2012) and Radicetti et al. (2013) showed that CC can significantly suppress weed 

growth. Therefore, the CC treatment showed less weed growth and less water removal by 

weeds in NC compared to NN. This resulted in numerically higher θ (not significant) in 

NC compared to NN during CC period of 2020. This also emphasizes the importance of 

weed control to conserve soil moisture for the cash crop.  .    

After the termination of CC on 21 April 2020, corn was planted on 11 May 2020. On 

the same day before planting, the CN plot was tilled where NC and NN were not. Since 

corn extracts greater amounts of water during the vegetative stages of growth compared 

to the CC/fallow period, the θ showed a gradual decrease during the early corn growth 

period in all treatments and depths (Fig. 3.4). However, NC continued to maintain the 

numerically second highest θ until the end of July 2020, where CN had the significantly 

highest θ and NN had the lowest θ at the 5-, 20- and 40-cm depths. The NC treatment 

showed significantly higher θ than NN during a few weeks within this period, where NC 
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showed significantly higher θ almost throughout the period at 5-, 20-, and 40-cm depths. 

The CN treatment also showed significantly higher θ  than NC during a few weeks at all 

depths. This result was possible as the study site had CC only for one season at this point 

of time, which did not accumulate enough biomass in the soil to detect the benefits of CC 

over no CC. According to Weerasekara et al. (2017), one season was not sufficient to 

notice improvements of SOC or to interpret the CC effects on soil parameters due to lack 

of biomass accumulation by CC during short study periods.  

During July and August 2020, the area received 8% and 45% more rainfall 

compared to long-term precipitation means, where the NC treatment showed numerically 

higher θ compared to NN and closer to CN at 10-, 20-, and 40-cm depths during this 

period (Fig. 3.4). A previous study by Haruna et al. (2018) observed that tillage effects 

were more significant than CC effects on θ since tillage reduces soil bulk density in the 

top-soil, which resulted in higher water infiltration. Therefore, our observation of CN 

having significantly higher θ than other two treatments can be attributed to the higher 

water infiltration in CN.  

After harvesting corn on 14 September 2020, residue on all three plots were 

control burned on 28 September 2020 to kill weeds and destroy weed seeds, and then CC 

seeds were sowed on 1 October 2020. From 14 September 2020, NC showed numerically 

higher θ, closer to CN at all soil depths until end of November 2020, where NN showed 

the lowest θ at all soil depths most of the time (Fig. 3.4). At 5-cm depth, CN had 

significantly higher θ than NN, where NC showed significantly higher θ than NN during 

13 July 2020 to 20 July 2020 period. This indicated that although it was not significant, 

NC retained more water after a rainfall than the other two treatments as NC had the 
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highest above-ground biomass (19,837 kg ha-1), while NN had the lowest (14,831 kg ha-1) 

after harvesting corn (Table 3.1). Again, the greatest θ fluctuations were observed at a 5-

cm depth, where the magnitudes of fluctuations became smaller with increasing depth.  

The CC started active growth in mid-March 2021. During this period, the θ at 5 

cm depth started to drop significantly in NC treatment compared to NN and CN as a 

result of increased water uptake by the growing CC. Also, NN had no weed growth and 

had less water consumption from mid-March 2021 to CC termination on 26 April 2021, 

NN maintained higher θ than NC at the 5-cm depth (Fig. 3.4). Strock et al. (2004) 

observed 11% reduction in subsurface drainage after introducing cereal rye as a CC, 

where they concluded that evapotranspiration and water uptake by cereal rye caused 

reduced subsurface drainage. Therefore, our observations also can be attributed to the 

water removal by CC. However, the highest θ was maintained with NC at a 40-cm depth 

compared to the other two treatments. The CC roots may not have extracted water from 

deeper (> 40-cm) soil depths. By this time, the tillage effect in the CN treatment appeared 

to hinder water infiltration as a result of soil consolidation over time, which was indicated 

by significantly lower or similar θ compared to NC. A similar observation was made by 

Haruna et al. (2018), where the tillage effects on soil moisture were prominent right after 

tillage; however, it did not persist over the time. They concluded that the tillage benefits 

on soil hydraulic properties were immediate, and those benefits do not last longer than 

one growing season before diminishing as a result of soil consolidation over the time.  

On 26 April 2021, the cover crop was killed, and corn was planted on 12 May 

2021. According to the above-ground biomass data, NC had the highest biomass (14,612 

kg ha-1), while NN had the lowest (10,651 kg ha-1) (Table 3.1). These values were lower 
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than the corresponding above-ground biomasses in September 2020, which was probably 

a result of burning residue in 2020. During the period of  26 April 2021 to 07 June 2021, 

θ values for all three treatments at the 5-cm depth was similar, despite the differences in 

above-ground biomass (Fig. 3.4). However, numerically CN and NN showed similar θ at 

20- and 40-cm depths. At the 10 cm depth NN had the highest θ, while CN had the lowest 

value most of the times. At the 20 cm depth, CN and NN had similar θ, which was greater 

than θ in NC. Similar to the 2021 CC period, NC at the 40 cm depth showed higher θ 

than the other two treatments. In summary, CC effects on θ were not prominent during 

the period at 5-, 10-, and 20-cm depths. This might be a result of residue burning in 

September 2020, which reduced the amount of biomass accumulation on the soil and 

brought the surface soil organic matter content closer to the other treatments. From April 

26 to mid-May 2021, θ increased in all treatments as a result of increased rainfall events. 

The θ fluctuations showed the same pattern as previous periods and reduced with 

increasing depths. After mid-May, θ started to drop in all treatments at the top two depths 

as a result of water uptake by corn, which was not very prominent at 20- and 40-cm 

depths. Increased soil hydraulic conductivity (Ksat) and infiltration was reported by 

Fageria et al. (2005) in treatments where residue were left on the soil compared to 

treatments with residue removed by burning. The study also reported that tillage practices 

which do not remove crop residue can improve water infiltration, reduce surface crusting, 

and reduce surface water runoff. It can be assumed that the burning practice in all three 

treatments caused reduced mulch accumulation, especially in NC treatment, resulting in 

reduced soil moisture conservation. The study by Rankoth et al. (2021) evaluated CC 

effects without burning practices, which resulted in significantly higher θ in the CC 
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treatment compared to the control at 10- and 20-cm depths, as a result of improved SOC. 

Their CC treatment also had more than five years in the rotation by the end of their study, 

which was long enough to accumulate higher amounts of soil organic matter compared to 

our study. 

3.4.4. Soil Moisture Recharge After a Rainfall Event 

Volumetric soil water contents against time (15-min interval) for 5-, 10-, 20-, and 

40-cm depths for NN, CN and NC treatments from May 15, 2021, to May 22, 2022, 

showed fluctuating θ for all depths and it was strongly correlated with precipitation and 

management (Fig. 3.5). The first three soil depths showed greater magnitudes of change 

in the soil moisture dynamics than the 40 cm soil depth. At 5-cm soil depth, NN (+10%) 

recharged more soil water than CN (+6%) and NC (+7%), where they all had similar θ 

(34.5-36%) before the 31 mm rainfall event on 16 May 2021. After the rain fall event, all 

three treatments maintained higher soil moisture levels for almost two days, and then 

started to decline. During this period, NN had the highest θ, while CN had the lowest. As 

the rainfall event occurred almost 10 months from the previous tillage event, CN showed 

the lowest θ throughout the period. The NC treatment maintained a higher θ than CN, yet 

lower than NN, which might be a result of reduced soil organic matter on the topsoil due 

to residue burning in September 2020. However, Rankoth et al. (2021) observed higher 

soil moisture recharge during a rainfall event at 10- and 20-cm soil depths in the CC 

treatment compared to control. Their CC treatment had more than 5 years of CC and no 

burning events, which may have improved the soil organic matter in the CC treatment, 

unlike our CC treatment with only two CC seasons.   
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Figure 3.5. Precipitation for May 15 to May 22, 2021, and soil moisture recharge for no till 

no cover crop (NN), conventional till no cover crop (CN), and no till cover crop (NC) 

treatment plots at 5-cm, 10-cm, 20-cm, and 40-cm depths at Elsberry Plant Materials Center, 

Missouri. 
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The 10-cm depth of NN and CN treatments showed very similar soil moisture 

levels before the rainfall event (36.5-37.5%), where NC had lower θ than the other two 

treatments (34.1%). After the rainfall event, NC showed a +6% recharge, while NN and 

CN showed +4% recharge. After the recharge, NC maintained 1-1.5% more θ than NN, 

which was also closer to NC. This observation was somewhat similar to the observations 

made by Rankoth et al. (2021), where they observed 1.7-2.8% more θ in the CC treatment 

compared to the control. 

At the 20-cm soil depth, all three treatments showed similar soil moisture levels, 

where NC and NN recharged more soil water during the rainfall event and maintained a 

higher soil moisture level than NC throughout the monitored period. At the 20- and 40-

cm soil depths, all three treatments recharged soil moisture levels by the same magnitude 

(≈ +2%) as the gap between three lines did not change much after the rainfall event. 

However, the NC treatment showed the lowest θ at a 30-cm depth and highest θ at a 40-

cm depth throughout the monitored period. These observations indicated that with 

increasing depth, the magnitude of the soil moisture recharge for the same rainfall event 

has decreased.  

Previous studies on CC and soil moisture showed that extended CC practices and 

increased CC biomass accumulation (Rankoth et al., 2019c; Rankoth et al., 2021), and 

timely termination of CC (Korsakov et al., 2015) can improve soil hydraulic properties. 

These effects have been attributed to changes in soil properties including porosity, 

infiltration, soil water storage, and SOC (Haruna et al., 2018; Cercioglu et al., 2018; 

Rankoth et al., 2019c; Rankoth et al., 2021). Therefore, it can be speculated that longer 

time period under CC might increase the soil moisture recharge in the NC treatment than 
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other treatments. Our findings support this concept as NC showed second highest and 

highest recharge amounts within the top two depths even after just two years of CC.     

3.4.5. Mean Soil Moisture Content 

During the whole study period (2019-2020 CC period, 2020 corn period, and 

2020-2021 CC period) NC always maintained numerically higher mean θ  than NN at 5-, 

20-, and 40- cm depths, which ranged between 0.6% to 15.3% (Fig 3.6). At the 5-cm 

depth, differences between mean θ for NC and NN were not significant, but they were 

significantly different during 2020 corn period at 20-cm depth (P = 0.036). However, NC 

at a 10-cm depth had similar mean θ during the whole study period, 2019-2020 CC 

period, and 2020 corn period. In the 2020-2021 CC period, NN had higher θ than NC 

(non-significant) which can be attributed to the residue burning event in September 2020. 

At 5- and 20- cm depths, CN always had 1% to 19.8% higher mean θ than NC during the 

whole study period, and 5.7% to 19.7% higher than NN, which can be explained as an 

effect of improved porosity and Ksat by tillage. At a 40-cm depth, NC and CN showed 

mixed results. They had more or less similar θ values with CN showing -9.3% to +4.2% 

non-significant deviations from NC. However, CN at 30- and 40-cm depths always 

showed 5.7%-15.6% and 5%-16% higher θ respectively compared to NN, which were 

significant, except during 2020-2021 CC period. The NC treatment always had 

significantly higher mean θ than NN at the 40-cm depth for all of the periods evaluated. 

Since the NN treatment had neither tillage, nor CC, it can be assumed that the surface soil 

had consolidated over time due to machinery use and less organic matter addition, 

resulting in lower water infiltration deeper in the soil profile. This might have resulted in 

lower θ in NN than CN at the 30- and 40-cm depths.  
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Haruna et al. (2018) observed an 80% greater Ksat due to tillage, compared to no 

tillage treatments. They suggested that bigger soil pores created by tillage had reduced 

bulk density (increased porosity) which increased Ksat. It can be speculated that improved 

Ksat by tillage might have resulted in higher θ in CN, compared to the other two 

treatments in our study. García-González et al. (2018) also observed that barley and hairy 

vetch held more soil moisture, and also had significantly higher water infiltration than the 

Figure 3.6. Mean soil moisture contents for no till no cover crop (NN), conventional till no cover 

crop (CN), and no till cover crop (NC) treatment plots at 5-cm, 10-cm, 20-cm, and 40-cm depths for 

(a) whole study period, (b) 2019-2020 cover crop period, (c) 2020 corn period, and (d) 2020-2021 

cover crop period) at Elsberry Plant Materials Center, Missouri. 
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fallow treatment. They concluded that better soil aggregation in CC treatments resulted in 

improved infiltration. Rankoth et al. (2021) observed CC having higher mean θ than the 

control at all the depths for the CC period of their study. They observed 7, 9, and 5% 

higher θ at 10-, 20-, and 30-cm depths in CC compared to control. However, they did not 

observe significant effects of CC on mean θ during the cash crop period of their study. 

Therefore, we can attribute our observations on NC and CN having higher θ compared to 

NN to improved infiltration by CC and tillage. 

3.5. Conclusions 

Cover crops under proper management practices can provide numerous environmental 

and economic benefits to farmers. As per the results of this study, it was evident that CN 

treatment showed significantly as well as numerically higher θ compared to NC and NN 

throughout the study period at almost all studied depths. As CC was practiced for just two 

seasons, it can be concluded that the amount of organic matter accumulated by CC was 

insufficient to show significant effects of CC over tillage or no CC practices. However, 

after just two years of CC, the NC treatment showed numerically higher θ than NN at all 

the depths during most of the periods evaluated in this study. This may imply that CC can 

be used to conserve soil water for subsequent cash crop, especially during drought years 

or years with below normal rainfall amounts. However, differences in θ were not 

significant during some weeks. This research also suggests that future studies with long-

term CC management are required to quantify CC effects on soil moisture. 
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CHAPTER 4 

Effects of Cover Crops on Soil Thermal Properties of a Corn 

Cropping System 

4.1. Abstract 

Soil thermal properties play a major role in agronomy and soil science. They 

influence the soil temperature and define the soil microclimate, which regulates many 

soil health parameters as well as life cycles of soil biota. Although cover crops (CC) can 

affect soil thermal properties, it is one of the least studied areas. This study compared the 

effects of CC on soil thermal properties in a corn (Zea mays L.) cropping system at the 

Elsberry Plant Material Center - USDA, Missouri, USA. The study design consisted of 1) 

no-till cover crop (NC), 2) conventional till no cover crop (CN), 3) no-till no cover crop 

(NN), and 4) grass (G) treatments. The first cover crop establishment in the NC treatment 

was done in October 2019. Soil cores were collected in April 2021 from 0-40 cm depth at 

10-cm increments (96 samples) and analyzed for soil heat capacity (Cv), soil thermal 

conductivity (λ), soil thermal diffusivity (α), soil organic carbon (SOC), bulk density 

(BD), and volumetric water content (θ). As per the results, NC did not significantly 

improve SOC, BD, or soil thermal properties, since the biomass accumulation by CC was 

not enough due to the lack of CC establishment duration. The G treatment showed 

significantly higher Cv and lower λ in several soil depths. Long-term maintenance of 

cover crops with cropping systems can increase the soil organic matter and reduce soil 

bulk density over time, which can increase Cv and reduce λ.   

Abbreviations : α, soil thermal diffusivity; BD, soil bulk density; C, soil heat 

capacity; CC, cover crop; CN, conventional till no cover crop treatment; G, grass 
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treatment; NC, no-till cover crop treatment; NN, No-till no cover crop treatment; SOC, 

soil organic carbon.   

4.2. Introduction 

Soil thermal properties are one of the major determinants of mass and energy 

exchange processes between plant, soil, and atmosphere (Usowicz et al., 1996). 

According to Abu-Hamdeh and Reeder (2000), soil thermal properties play a major role 

in agronomy and soil science since soil thermal properties influence soil microclimate. 

Seed germination, seedling emergence, and subsequent stand establishment like crop 

growth are also influenced by the soil microclimate (Ghuman and Lal, 1985; Abu-

Hamdeh and Reeder, 2000). Soil thermal properties regulate soil temperature, which 

directly affects the soil microbial composition (Vidana Gamage et al., 2019). Therefore, it 

can be speculated that soil thermal properties can affect the microbial activities such as 

nutrient cycling and organic matter (OM) decomposition. Higher thermal conductivity (λ) 

in soil can increase the diurnal soil temperature variations even in deeper soil layers while 

lower λ can result in lower diurnal soil temperature variations. The soil heat capacity (Cv) 

determines the amount of heat a unit amount of soil can store to increase the soil 

temperature by 1 ºC. Therefore, higher Cv of a soil results in lower diurnal temperature 

variations. 

According to Ochsner et al. (2001), soil thermal properties (Cv, λ and thermal 

diffusivity (α)), are highly dependent on volumetric water content (θ) and volume fraction 

of air. Soil physical properties including bulk density, texture, and aggregate stability also 

influence soil thermal properties. According to a laboratory study by Ochsner et al. 

(2001) on thermal properties of four different soil textures (sandy loam, clay loam, silt 
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loam, and silty clay loam), the λ decreased with the increase of volume fraction of air in 

soil (r2 = 0.93). They also observed that the increase in Cv of soils was significantly 

related with the increase of θ of soil. However, for medium-textured soils, soil thermal 

properties were strongly correlated with volume fraction of air (Va) rather than θ. The 

volume fraction of solids in soil had less effect on soil thermal properties. 

Similarly, Tong et al. (2019) in Ames, Iowa observed that at a certain bulk density, Cv 

and λ increased with increasing volumetric water content (VWC). It was also observed 

that soil thermal properties had linear relationships with the soil air fraction of an 

undisturbed soil. All three soil thermal properties (λ, Cv, and α)  showed negative linear 

correlations with soil air content.  

Soil organic carbon (SOC) also affects soil thermal properties. Adhikari et al. 

(2014) compared soil thermal properties under prairies, conservation buffers and corn 

(Zea mays L.) – soybean (Glycine max L.) land-use systems. In their study, SOC 

positively correlated with Cv and negatively correlated with λ and α. The θ was positively 

correlated with λ and Cv, and negatively correlated with α. For all land-use systems, λ 

increased from 0-10 cm to 20-30 cm depth and decreased from 20-30 cm to 30-40 cm 

depth. However, Cv decreased from 0-10 cm to 20-30 cm depth and increased from 20-30 

cm to 30-40 cm depth.  

The spatial variability of soil thermal properties of cultivated fields is mainly 

determined by the soil moisture content and the bulk density of the soil (Usowicz et al., 

1996; Usowicz et al., 2017). A research on the spatial variability of soil thermal 

properties under cultivated fields in Felin, Poland, which was similar to the previous 

research, measured bulk density and θ of soil in addition to the λ and Cv of soil (Usowicz 
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et al., 1996). According to the outcomes, λ and α became larger with medium-range soil 

moisture contents and were suppressed at higher moisture contents. The bulk density also 

showed direct relationships with λ and α. In another study near Murrumbidgee River, 

Australia, Usowicz et al. (2017) found that spatial variations in soil thermal properties 

were closely related to the spatial variation of bulk density and soil moisture content. In a 

natural pasture in the Pampa biome, Brazil, Zimmer et al. (2020) observed that λ 

increased with increasing soil moisture as soil moisture creates water bridges between 

soil particles, which facilitated higher heat conductance. Zhao et al. (2016) evaluated the 

effects of biochar on soil thermal properties in Huantai, Shandong and concluded that 

biochar amendments had no correlation with Cv, but it had a negative correlation 

with α (0.6-21.5% reduction). It was concluded that biochar significantly changed the λ 

and α of the soil possibly through changing soil physical properties such as bulk density 

and θ. 

Cover crops are promoted to improve soil health (Finney et al., 2017), water 

quality (Delgado and Gantzer, 2015), soil chemical properties (Sharma et al., 2018), 

weed control (Mirsky et al., 2013), and many other important environmental and 

production benefits. Cover crop, a monocrop or mixture grown during non-crop periods 

can have a significant effect on soil thermal properties. In the northern temperate zone, 

CC are seeded during the August-November period while the cash crop is in the field or 

seeded after the cash crop is harvested. These CC are killed before the cash crop is 

seeded in the following year. Cover crops have significant effects on soil properties (soil 

organic matter, soil moisture content, etc.), and thus could impact soil thermal properties. 
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In addition, crop residues or vegetation that grows on the soil, change soil thermal 

properties as they can serve as a buffer or barrier for heat transformation.  

Only a few studies have evaluated the CC effects on soil thermal properties. In a 

laboratory study, Haruna et al. (2017) evaluated the influence of perennial biofuel crops 

and CC on soil thermal properties. They found that λ and Cv decreased, and α increased 

with decreasing soil moisture content. Cereal rye (Secale cereale L.), hairy vetch (Vicia 

villosa subsp. villosa), and Austrian winter pea (Pisum sativum subsp. arvense L.) CC 

treatments had a 13% increase in Cv over the control (no CC) treatment. The control 

treatment had significantly higher α values compared to CC treatment. These changes 

were attributed to increased SOC content and the decreased soil bulk density by the CC. 

It was also observed that the θ has a linear relationship with Cv and λ. The SOC showed 

an inverse relationship with λ and a positive relationship with Cv. The study also 

predicted that the management practices like CC and perennial biofuel crops can reduce 

soil λ through increased SOC. 

A study conducted in Lincoln, Nebraska by Sindelar et al. (2019) on CC and corn 

residue removal and soil thermal properties revealed that CC residue removal had no 

significant effect on soil thermal properties, but corn residue removal had an impact on 

soil thermal properties. It was observed that residue removal had reduced λ and C at both 

lab and field conditions at the studied two soil depths (0-5 cm and 5-10 cm). However, 

CC treatments had no significant effect on soil thermal properties at both lab and field 

conditions. They also observed that λ and Cv were positively correlated with θ and bulk 

density. Soil thermal conductivity also showed positive correlations with SOC as well. 
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The study concluded that θ, bulk density, and SOC are effective predictors of soil thermal 

properties.     

In recent years, a large number of publications reported significant benefits of CC 

on soil health (Crusciol et al., 2015; Finney et al., 2017; Rorick et. al., 2017; VeVerka et. 

al., 2019; Rankoth et. al., 2019a; Rankoth et. al., 2019b), crop yields (Abdalla et al., 

2019), nutrient retention (Rimski-Korsakov et al., 2015; Weerasekara et al., 2017; 

Janegitz et al., 2017; Sharma et al., 2018; Muhammad et al., 2019) and water quality and 

soil moisture conservation (Delgado and Gantzer, 2015; Rankoth et al., 2021). Findings 

indicate that perennial vegetation, biomass crops, ground cover, commodity crops, and 

soil parameters affected soil thermal properties. However, a limited number of literature 

is available on the impact of CC and tillage on soil thermal properties. This research 

examined the effects of CC and tillage on soil thermal properties of a corn cropping 

system. 

4.3. Materials and Methods 

4.3.1. Site Description 

The study site was situated at the Elsberry Plant Materials Center (Natural 

Resource Conservation Service of United States Department of Agriculture) in Lincoln 

County, East Missouri (39°09'24.1"N 90°47'15.5"W), United States. The soil at the study 

site is Menfro silt loam (fine-silty, mixed, superactive, mesic Typic Hapludalfs), five to 

nine percent slopes, eroded, and well-drained (Soil Web Survey map unit 60168) 

(https://casoilresource.lawr.ucdavis.edu/gmap/). The mean annual precipitation of the 

area is 1,036 mm, and the average annual snowfall is 422 mm. The long-term mean 
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temperature is 13.1 ºC (long-term lowest mean is 6.7 ºC and long-term highest mean is 

19.4 ºC) (https://ggweather.com/normals/MO.html. accessed on 02/15/2020) 

4.3.2. Treatments 

Study treatments were: 1) no-till cover crop (NC), 2) conventional till no cover 

crop (CN), 3) no-till no cover crop (NN), and grass (G). The CN, NN, and NC treatment 

plots were under little bluestem (Schizachyrium scoparium (Michx.) Nash var. 

scoparium) production for 18 years until 2017 and converted to a corn-soybean rotation 

in 2018. Cover crops were first established on the NC plot in October 2019. A three 

species CC mixture included 60% ‘Maton’ cereal rye (Secale cereal L.), 30% ‘Kentucky 

Pride’ crimson clover (Trifolium incarnatum L.), and 10% ‘Enricher’ daikon radish 

(Raphanus sativus L. var. Longipinnatus) by volume. Seed rates for ‘Maton’ cereal rye, 

‘Kentucky Pride’ crimson clover, and ‘Enricher’ daikon radish were 26.90 kg ha-1, 5.04 

kg ha-1 and 0.56 kg ha-1, respectively. The CN treatment plot was managed with 

conventional tillage where the ground was disked twice using a lightweight disc, 

approximately to a 20-cm depth. The NN treatment was allowed to remain fallow after 

harvesting corn, where no CC or tillage was practiced. The G treatment plot was under 

side oats gramma (Bouteloua curtipendula (Michx.) Torr.) for more than 18 years. This 

treatment was burnt annually around May after seed harvest. 

4.3.3. Soil sampling and Analysis  

Soil core samples were collected using an Uhland soil core sampler from all 

treatment plots in April 2021 and analyzed for soil thermal properties (λ, Cv, and α), soil 

bulk density (BD), and θ. Aluminum rings with 7.6 cm diameter, 7.6 cm length, and 0.32 

cm thick walls were used for the soil core sampling. A separate set of bulk soil samples 
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was collected to determine SOC for all depths and treatments. Soil core samples were 

collected to a 40-cm depth in 10-cm increments in each treatment, with six replications. 

Altogether, 96 soil core samples were collected from the four treatments (4 treatments * 4 

soil depths * 6 replications). Before collecting the soil cores from the treatment sites, 

residue or vegetation on the soil surface was removed to assure that cores were 

completely filled with soil. Both ends of soil cores were trimmed carefully with a knife, 

capped with plastic lids, and taped to secure soil inside the aluminum core. Then they 

were labeled, sealed inside Ziplock bags, transferred, and kept in a refrigerator until 

analyzed. 

Before analysis, the plastic lids on the soil cores were removed. A cheesecloth 

was then tied to the bottom of the soil core using rubber bands to secure soil inside the 

core during the analysis. All soil cores were kept in a plastic crate and were saturated by 

adding tap water (electrical conductivity - 0.61 dS m-1) to the crate and raising the water 

level slowly from the bottom. The water level was maintained at 7.5 cm from the bottom 

of the soil cores. Special care was taken not to add water on to the top of the soil core, as 

it can disturb the soil. All the soil cores were kept for 48 hours under the above 

conditions to assure that they were completely saturated. After saturation, the weights of 

the saturated cores were recorded, and then covered with polythene sheets to minimize 

evaporation losses. 

Soil thermal properties were measured using a Decagon KD2 Pro device with SH-

1 dual-probe heat-pulse sensor (Decagon Devices, Pullman, Washington). The SH-1 

sensor has two 1.3-mm-diameter and 30-mm-long needles, where one is a heater and the 

other is a temperature sensor which records soil thermal properties. The two parallel 



   

 

102 

 

needles are 6 mm apart from each other. The sensor was inserted vertically into the upper 

surface of the soil core when measuring the soil thermal properties, while making sure 

that needles stay parallel to each other when inserting the sensor (KD2 Pro Thermal 

Properties Analyzer Operator’s Manual, Decagon Devices). It was also made sure that the 

sensors were inserted into a fresh surface on the soil core each time during soil thermal 

property measurements in order to maintain proper contact between sensor probes and 

soil. 

Soil thermal properties were measured at 0 (saturation), -33, and -100 kPa soil 

water pressures. After measuring the soil thermal properties at 0 kPa, the soil cores were 

kept inside pressure chambers to equilibrate the soil cores at -33 kPa, at 25°C. At 

equilibrated condition, the soil core weights were recorded to determine the θ, and then 

soil thermal properties were measured. The same procedure was repeated, and soil 

thermal and weight measurements were recorded at -100 kPa. After finishing all the soil 

thermal properties data collection, all the samples were oven-dried at 105°C to determine 

BD and θ. The bulk soil samples were sent to the Ward Laboratories, Kearney, NE for the 

SOC analysis (SOC) (Ward Laboratories, Inc. Standard Operating Procedures).     

4.3.4. Statistical Analysis 

Analysis of Variance (ANOVA) and General Linear Model (GLM) procedures of 

SAS University Edition software were used to test the statistical differences of λ, Cv, α, 

BD, θ, and SOC among treatments. The ANOVA procedure also was used to identify 

interactions between treatments and soil depths for all the measured parameters. 

Correlations between soil thermal properties, θ, SOC, and BD were tested using 
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Pearson’s correlation. Duncan’s least significant difference was used in grouping at 0.05 

level of significance for all the tests.  

4.4. Results and Discussion 

4.4.1. Soil Bulk Density and Soil Organic Carbon 

Soil BD showed significant differences among the four treatments and depths. In 

general, BD increased with soil depth (Fig. 4.1). At 0-10 and 10-20 cm soil depths, the 

BD showed a numerical pattern NC<G<NN<CN. Even after two years of CC, the NC 

treatment had the lowest BD (numerically or significantly) than CN and NN at 0-20 cm 

depth. Similarly, Cercioglu et al. (2018) in Missouri also observed significantly higher 

BD in no-CC treatment compared to CC treatment at 0-20 cm depth.  

Figure 4.1. Bulk density (BD) for no-till cover crop (NC), conventional till no cover 

crop (CN), no-till no cover crop (NN), and grass (G) treatments for 0 to 40 cm soil 

depth at Elsberry Plant Materials Center, Missouri. Horizontal bars indicate 

significant differences among treatments at 0.05 level of significance. 
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At the 0-10 cm depth, there were no significant differences between treatments 

and the values ranged between 1.31-1.40 g cm-3. The 10-20 depth showed a BD range of 

1.39-1.50 g cm-3. The CN and NN had similar BD values, which were significantly 

greater than NC and G at this depth. The NC and G treatments were not significantly 

different. As the soil sampling was done 10 months after the previous tillage event, CN 

treatment showed the highest BD at 0-20 cm soil depth, which indicated soil 

consolidation during the 10-month period. At 20-30 cm depth, CN, NC, and NN had very 

similar BD values (closer to 1.49 g cm-3), where G had significantly lower BD than other 

treatments. At 40 cm soil depth, BD increased from G<CN<NC<NN numerically but the 

only significant difference was observed between NN and G. In the NN treatment, the 30-

40 cm and 20-30 cm depths had significantly higher BD than 0-10 cm depth (P=0.0044). 

In the NC treatment, BD increased significantly with the depth, but the last two depths 

were not significantly different from each other (P<0.0001). The last three depths of CN 

had significantly higher BD than the first depth, but they did not show any significant 

differences between the three of them. In the G treatment, there were no significant 

differences in BD among depths.  

The SOC ranged between 2287 – 537 kg ha-1 for 0-40 cm depth for all four 

treatments (Fig. 4.2). The CN treatment had the numerically lowest SOC at any soil depth 

which decreased from 1994 kg ha-1 to 537 kg ha-1 with increasing depth. The G treatment 

showed the numerically highest SOC at all measured depths, except at 20-30 cm. At 30-

40 cm depth, SOC increased numerically from CN<NC<NN<G. At 20-40 cm depths, 

NC, CN, and G showed a similar decreasing pattern with a smaller decrease in SOC, 

where NN showed a larger decrease in SOC in 30-40 cm depth. However, CN, NN, NC, 
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and G had no significant differences in SOC at any studied depths. In the NN treatment 

first depth had significantly higher SOC than the last two depths (P=0.003). In both CN 

and NC treatments, the SOC significantly decreased with the depth (P<0.0001 and 

P=0.0002 respectively), where the last two depths were not significantly different from 

each other in neither treatment. In the G treatment, the first depth showed significantly 

higher SOC than the last two depths, which were the only significant differences 

observed in SOC with depth.   

The G treatment had a long history (18 years) under side oats gramma, which is a 

perennial grass, resulting in higher organic matter  accumulation over time than the other 

three treatments, which had disturbed soils. The numerically lowest bulk density and 

highest SOC at most of the depths in the G treatment can be attributed to undisturbed 

Figure 4.2. Soil organic Carbon (SOC) for No-till cover crop (NC), Conventional till no 

cover crop (CN), No-till no cover crop (NN), and Grass (G) for 0 to 40 cm soil depth at 

Elsberry Plant Materials Center, Missouri. 
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soils and perennial vegitation. The NC treatment showed numerically higher SOC at all 

depths than the CN treatment. This can be explained as an effect of higher biomass 

production by CC in the NC treatment compared to CN. Similarly, BD of NC was 

numerically lower than NN at the same depths mentioned above. Similar to our study, 

Chalise et al. (2018) observed significantly lower BD and numerically higher SOC (not 

significant) in a CC treatment compared to no CC (control) at 0-5 and 5-15 cm depths, 

when residues were left in the fields. They observed that residue removal from the fields 

resulted in non-significant differences between CC and control treatments on BD. Tillage 

practices result in mixing the organic matter in the topsoil to the deeper depths. This also 

disrupt weed growth due to physical damages, which bury weeds and weed seeds deeper 

in the soil (Büchi et al., 2020). NC, NN, and G treatments have CC, weeds, and side oats 

gramma as vegetation, where CN has a limited weed growth due to tillage. Reduced 

vegetation results in lowered biomass accumulation, resulting in reduced SOC addition to 

the soil compared to other treatments. Therefore, the lower SOC of the CN treatment can 

be attributed to the above reason.  

4.4.2. Soil Thermal Conductivity 

The λ values against soil water pressure by soil depth (0-40 cm) and treatments 

are shown in figure 4.3. In general, NC, CN, and G showed a similar pattern at all four 

soil depths, where λ decreased with a greater slope from 0 kPa to -33 kPa and from -33 

kPa to -100 kPa with a smaller slope. In general, λ decreased with decreasing soil 

moisture (decreasing pressure) at all four soil depths. According to Adhikari et al. (2014), 

with decreasing soil water pressure, the pore spaces filled with water start to drain rapidly 

from 0 kPa to -33 kPa, where air gets filled into the soil pores. This resulted in breaking 
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the water film bridges between soil particles. As air (0.025 W m-1 K-1) has a lower 

thermal conductivity than water (0.57 W m-1 K-1), the λ decreased rapidly. However, 

decreasing pressure from -33 to -100 kPa did not remove as much water and resulted in 

lower reduction in λ for this range. 

In the first depth at -33 kPa soil water pressure, no significant differences were 

identified in λ values between treatments. However, at -33 kPa soil water pressure, NN 

and CN showed significantly greater λ than NC and G (P=0.0002) at the second depth, 

while there were no significant differences between CN and NN or between NC and G. 

Grass treatment had significantly lower λ than other three treatments at the third and 

fourth depths, at -33 kPa pressure (P=0.0022 and P<0.0001). Similar observations were 

made by Haruna et al. (2018) at the same soil water pressure, where they observed that 

perennial biofuel crop treatments; Switchgrass (Panicum virgatum L.) and Giant 

miscanthus (Miscanthus × giganteus J.M. Greef & Deuter ex Hodkinson & Renvoize) 

had lower λ compared to CC and no-CC treatments.  

Figure 4.4 showed λ versus soil depth for each treatment at three soil water 

pressures. For each soil water pressure, λ generally showed an increase from 0-10 cm 

depth to 10-20 cm depth, then decreased from 10-20 cm to 30-40 cm. This phenomenon 

was observed and explained by Adhikari et al. (2014) as an effect of variations in BD and 

SOC with depth. Bulk density also showed the same pattern as λ.  
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Figure 4.3. Soil thermal conductivity (λ) for No-till cover crop (NC), Conventional till no 

cover crop (CN), No-till no cover crop (NN), and Grass (G) treatments for 0- to 10-, 10- 

to 20-, 20- to 30-, and 30- to 40-cm soil depth at 0, -33, and -100 kPa soil water 

pressures. Vertical bars indicate significant differences among treatments at 0.05 level of 

significance. 
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When BD increased, the distance between soil particles decreased, resulting in 

greater heat transfer between soil particles due to the reduction of air-filled spaces in the 

soil. The thermal conductivity of clay minerals, organic matter, water, and air are 2.90, 

0.25, 0.57, and 0.025 W m-1 K-1, respectively (Bristow, 2002). As SOC has a higher heat 

resistance, increasing SOC reduces the heat transfer (Abu Hamadeh and Reeder, 2000).   

The G treatment showed the lowest λ values, where NN and CN shared similar λ 

values which were the highest most of the time at 10-40 cm depths at all three water 

pressures (Fig. 4.4). The lowest BD and highest SOC of the G treatment may have 

contributed to the lowest λ as explained earlier. At all the soil water pressures, NC had 

lower λ values that were closer to G at 0-20 cm depth, which can be attributed to the 

numerically higher SOC and lower BD of NC at the first two depths which was due to 

CC adding more organic matter to the soil than NN and CN treatments. At the first three 

Figure 4.4. Soil thermal conductivity (λ) for No-till cover crop (NC), Conventional till 

no cover crop (CN), No-till no cover crop (NN), and Grass (G) treatments at 0, -33, 

and -100 kPa by soil depth. Horizontal bars indicate significant differences among 

treatments at 0.05 level of significance. 
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soil depths, NN and CN had the highest λ at all the soil water pressures, which also can 

be explained using the same concept provided by Abu Hamadeh and Reeder (2000). 

4.4.3. Soil Heat Capacity 

Heat capacity at 0-10 cm for our study ranged between 2.865 MJ m−3 K−1 (G at -

100 kPa) to 4.017 MJ m−3 K−1 (NN at 0 kPa) (Fig. 4.5). At 10-20 cm depth, NN showed 

the lowest Cv (2.921 MJ m−3 K−1 at -100 kPa) and NC showed the highest Cv (3.744 MJ 

m−3 K−1 at 0 kPa). The NC treatment showed the highest Cv (3.617 MJ m−3 K−1 at 0 kPa) 

as well as the lowest Cv (2.687 MJ m−3 K−1 at -100 kPa) at 20-30 cm depth. For the 30-40 

cm depth NC showed the highest (3.736 MJ m−3 K−1 at 0 kPa) while G showed the lowest 

(2.718 MJ m−3 K−1 at -100 kPa). Soil heat capacity showed a decreasing trend with 

decreasing soil water (decreasing soil water pressure). The heat capacities of clay 

minerals, organic matter, water, and air are 1.94, 2.50, 4.18, and 0.0012 MJ m-3 K-1, 

respectively (Bristow, 2002). As the water filled in the pore spaces were replaced with 

air, which have a lower heat capacity, the Cv decreased. The greatest amount of water 

was lost between 0 to -33 kPa, and Cv also showed a greater drop, but a smaller decrease 

from -33 to -100 kPa. Similar observations were made by Adhikari et al. (2014) and 

Haruna et al. (2018). For the first two soil depths, CN showed the lowest Cv where G and 

NN showed the highest. Haruna et al. (2018) observed that perennial biofuel crop 

treatment had significantly higher Cv compared to no-CC and CC treatments at 0-30 cm 

depth. However, in the 20-30 and 30-40 cm soil depths G showed the numerically lowest 

Cv while NN and NC showed the highest (Fig. 5).  

 

 



   

 

111 

 

 

C
v
 (

M
J 

m
−

3
 K

−
1
) 

Figure 4.5. Soil heat capacity (Cv) for No-till cover crop (NC), Conventional till no 

cover crop (CN), No-till no cover crop (NN), and Grass (G) treatments for 0- to 10-, 

10- to 20-, 20- to 30-, and 30- to 40-cm soil depth at 0, -33, and -100 kPa soil water 

pressures. Vertical bars indicate significant differences among treatments at 0.05 

level of significance. 
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At -33 kPa water pressure, G showed significantly higher Cv than CN at 0-10 cm 

(P=0.0439) and 10-20 cm (P=0.0173). At the third depth, there were no significant 

differences between any treatments, where at the fourth depth, NN had significantly 

higher Cv than CN and G. Adhikari et al. (2014) observed a positive correlation between 

Cv and SOC, where an increase in SOC increases Cv. As SOC is a heat resistant material, 

it can increase the heat capacity of the soil. The numerically highest SOC among the 

treatments for 0- to 20-cm depth was observed in the G treatment, and this higher SOC 

might have caused higher Cv in the G treatment at 0- to 20-cm depth. However, in a 

similar study, Haruna et al. (2017) observed that CC treatment had higher Cv compared to 

no CC treatment. Our data did not show differences between CC and no CC treatments. 

This might be due to the lower organic matter accumulation by CC due to shorter 

treatment periods compared to their study.   

According to Fig. 4.6, Cv showed mixed patterns against the depth at three soil 

water pressures evaluated. As the depth increased at saturation, Cv decreased from 0- to 

20-cm depth for all the treatments. From 20- to 40-cm depth, NN and NC showed an 

increase of Cv where G and CN continued to decrease Cv. For all the depths at saturation, 

G and NC had lower Cv where NN and NC had the highest. At -33 kPa, NC, CN, and NN 

showed the same pattern, where Cv decreased from 0- to 20-cm depth then increased 

afterwards. However, similar to saturated conditions, Cv of treatment G kept continuing 

to decrease with depth. These observations on dynamics of Cv with depth were similar to 

the observations made by Adhikari et al. (2014). However, at -100 kPa, the patterns 
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become unclear. This might be due to interactions between SOC and BD at very low soil 

moisture contents on Cv. 

 

4.4.4. Soil Thermal Diffusivity 

Soil thermal diffusivity showed an increasing trend from 0 kPa to -33 kPa with a 

greater slope. From -33 kPa to -100 kPa, a smaller negative slope was observed in the 

first two depths (Fig. 4.7). Similar observations were made by Adhikari et al. (2014) and 

Haruna et al. (2017) on α with soil water pressure for all the studied depths (0-40 cm and 

0-30 cm, respectively). However, in our study, the last two depths showed a positive 

trend all the way from 0 kPa to -100 kPa. All the α values for our study ranged between 

0.37 mm2 s−1 (0 kPa, 0-10 cm depth, NN) to 0.554 mm2 s−1 (-100 kPa, 20-30 cm depth, 

NC). For the first two soil depths, CN showed higher α at 0 kPa and -33 kPa water 

pressures.  

Figure 4.6. Soil heat capacity (C) for No-till cover crop (NC), Conventional till no cover 

crop (CN), No-till no cover crop (NN), and Grass (G) treatments at 0, -33, and -100 kPa 

at four soil depths. Horizontal bars indicate significant differences among treatments at 

0.05 level of significance. 
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Figure 4.7. Soil thermal diffusivity (α) for No-till cover crop (NC), Conventional till no 

cover crop (CN), No-till no cover crop (NN), and Grass (G) treatments for 0- to 10-, 10- 

to 20-, 20- to 30-, and 30- to 40-cm soil depth at 0, -33, and -100 kPa soil water 

pressures. Vertical bars indicate significant differences among treatments at 0.05 level of 

significance. 
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At any soil depth, G showed the lowest α at most soil water pressures. At -33 kPa 

soil water pressure, CN showed significantly higher α than G at the first depth 

(P=0.0238). In the second depth, both CN and NN had higher α compared to G at -33 kPa 

(P=0.0003). The third depth did not indicate significant differences in α among 

treatments. At the fourth depth, NC and CN showed significantly higher α than G and NN 

(P=0.0002). However, there were no significant differences between NC and CN or 

between G and NN at this depth and -33 kPa pressure. Haruna et al. (2017) observed that 

no CC treatment had higher α than a CC treatment at all depths and all water pressures, 

which they attributed to the higher SOC and lower BD in the CC treatment. In our study, 

NN had higher α than NC only at the first two depths at 0- and -33 kPa. These 

observations can be attributed to similar SOC of NN and NC, and higher bulk density of 

NN than NC at first two depths. At the lower two depths, NC had lower SOC and higher 

BD than NN, which might have caused the deviation in α changes from the general trend.  

Figure 4.8. Soil thermal diffusivity (α) for No-till cover crop (NC), Conventional till no cover crop 

(CN), No-till no cover crop (NN), and Grass (G) treatments at 0, -33, and -100 kPa at four soil depths. 

Horizontal bars indicate significant differences among treatments at 0.05 level of significance. 

α (mm2 s−1) 
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The fluctuations of α with increasing depth showed a pattern similar to the λ, 

where α increased from 0- to 20-cm depth and then again decrease afterwards (Fig. 8). At 

0 kPa and -33 kPa CN always showed the highest α at any depth, while G showed the 

lowest α at most of the depths. However, at -100 kPa, NC, CN, and NN showed higher α 

than G at 10-40 cm depth.  

4.4.5. Correlation Analysis 

For all the depths and soil water pressures, significantly negative, and positive 

(P<0.05) correlations were observed between SOC, BD, and soil thermal properties for 

the NC treatment (Table 4.1). The BD showed significantly negative correlations with 

SOC (-0.92) and θ (-0.82), where BD showed positive correlations with λ (0.82) and α 

(0.79). Most of the significant correlations found in this study coincided with the 

correlation observations made by Adhikari et al. (2014). They observed all the 

correlations to be significant either positively or negatively. However, the correlation 

between BD and Cv was non-significantly negative, where they observed a significantly 

negative correlation. They conducted the correlation analysis for a long-term prairie soil, 

where we used a corn cropping system soil with just two years of CC. In their study, they 

observed significantly higher SOC and lower BD in prairie soil, where we did not 

Table 4.1. Pearson’s correlations of bulk density (BD), soil organic carbon % (SOC), 

volumetric water content (θ), thermal conductivity (λ), heat capacity (Cv), and thermal 

diffusivity (α), for 0- to 10-, 10- to 20-, 20- to 30-, and 30- to 40-cm depths in no-till cover 

crop (NC) treatment at 0, -33, and -100 kPa soil water pressures. 

Parameter BD SOC% θ λ Cv α

BD 1

SOC%  -0.92 (<0.0001) 1

θ  -0.82 (<0.0001) 0.83 (0.0001) 1

λ 0.82 (<0.0001)  -0.88 (<0.0001)  -0.004 (0.972) 1

C  -0.03 (0.888) 0.18 (0.566) 0.75 (<0.0001) 0.37 (0.001) 1

α 0.79 (<0.0001)  -0.84 (0.001)  -0.72 (<0.0001) 0.30 (0.011)  -0.76 (<0.0001) 1
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observe significant improvements in SOC or BD. Therefore, it can be speculated that CC 

did not accumulate enough organic matter to make significant changes to SOC or BD, 

thus resulted in an abnormal relationship between Cv and BD.  

 According to the results of our study, it was also observed that soil thermal 

properties showed significant and non-significant correlations with SOC in the NC 

treatment. Soil organic carbon showed significantly negative correlations with λ (-0.88) 

and α (-0.84), but non-significantly positive correlation with Cv (0.18). Except for the 

non-significant observation, the correlation trends coincided with the results observed by 

Adhikari et al. (2014). The non-significant correlations of Cv with SOC can be speculated 

as a result of inadequate soil organic matter accumulation due to shorter CC treatment 

period. It was also observed that λ showed a non-significant correlation with θ (-0.004), 

while showing a strong positive correlation with Cv (0.75) and a strong negative 

correlation with α (-0.72). Previous studies by Adhikari et al. (2014) observed that 

treatments with higher organic matter accumulation, such as agroforestry buffers, grass 

buffers, and prairie soils to have improved SOC. As organic matter has much less thermal 

conductivity than clay minerals, they result in decreased λ. As heat resistant materials 

have higher heat capacity, improved SOC (which is a heat resistant compound) result in 

increased Cv. therefore, they concluded that agricultural practices which improve SOC 

can reduce soil heat flux through reduced λ and increased Cv. This can result in reduced 

diurnal temperatures and reduced soil moisture loss due to reduced heat flux. Therefore, 

this indicate that CC in our NC treatment has yet to improve the SOC of the soil to 

observe significant effects on improving soil thermal properties. A study by Haruna et al. 

(2017) observed a 26% improvement in SOC by CC compared to no CC, where they 



   

 

118 

 

found that CC treatment had significantly higher Cv as well. Therefore, they concluded 

that CC could improve the stability of soil temperature through improved Cv. 

4.5. Conclusions 

The objective of this study was to evaluate CC and tillage effects on soil thermal 

properties. The relationships between soil thermal properties and SOC and BD were also 

evaluated. Results showed that the CC practice did not significantly improve the BD or 

SOC probably due to shorter study period. According to our results, no significant 

differences were observed between NC and NN in terms of BD and SOC. At -33 kPa, NN 

and CN had significantly higher λ than NC in the second depth but in Cv, there were no 

significant differences between NC and NN. NN had significantly higher Cv than CN at 

the fourth depth. Although there were no significant differences, it was observed that NC 

showed numerically higher Cv and numerically lower λ at the first two depths, which 

indicated that CC can potentially improve soil thermal properties in the future if long-

term CC management would be practiced. Cover crops can potentially reduce the soil 

heat flux through improved soil thermal properties, thus reducing soil temperature 

variations and soil moisture losses. 
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Chapter 5 

Conclusions 

The study was conducted at the Elsberry Plant Material Center (USDA-NRCS) in 

Lincoln County, Northeast Missouri (39°09'24.1"N 90°47'15.5"W; Fig. 3.1), United 

States in 2019, 2020 and 2021. The objectives of the study was to quantify cover crop 

(CC) effects on volumetric soil moisture content, soil moisture dynamics, and soil 

thermal properties of a corn (Zea mays L.) cropping system. 

The study on soil moisture dynamics revealed that CN treatment showed 

significantly as well as numerically higher θ compared to NC and NN throughout the 

study period at almost all studied depths. At 40 cm depth NC showed numerically and 

significantly higher θ than NN during some weeks of the study period, which was 

attributed to the lower infiltration rates in NN caused by soil compaction. However, NN 

and CN showed significantly greater θ compared to NC during the latter part of 2020-

2021 CC period at 5 cm depth, as a result of soil moisture extraction by CC. As CC was 

practiced for just two seasons, it can be concluded that the amount of organic matter 

accumulated by CC was insufficient to show significant effects of CC over tillage or no 

CC practices. However, even with just two years of CC, the NC treatment showed 

numerically higher θ than NN at all the depths during most of the periods of this study. 

However, differences in θ were not significant during some weeks. Therefore, it was 

concluded that future studies with long-term CC management is required to quantify CC 

effects on soil moisture.  

The second study evaluated CC and tillage effects on soil thermal properties. The 

relationships between soil thermal properties and SOC, BD and θ was also evaluated. As 

per the results, NC had significantly lower BD compared to CN and NN at second depth, 
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but not in other depths. NC had higher BD compared to G at third and fourth depths. 

According to SOC results, NC did not show significant improvements from other 

treatments. It was evident that the CC practice had not significantly improved the BD or 

SOC so far, as the duration under CC treatment was too short to accumulate enough 

biomass to the soil. According to our results, no significant differences were observed 

between NC and NN in terms of BD and SOC% at most of the depths. At -33 kPa, NC 

had significantly lower λ than NN and CN at second depth but in terms of C, there were 

no significant differences between NC and NN at studied depths. NN and G had 

significantly higher C than CN at the fourth depth. Although there were no significant 

differences, it was observed that NC showed numerically higher C and numerically lower 

λ at first two depths, which indicated that CC can potentially improve soil thermal 

properties in the future if long-term CC management would be practiced. Cover cropping 

can potentially reduce the soil heat flux through improved soil thermal properties, thus 

reduce soil temperature variations and soil moisture losses. 
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Appendix 1  
(Study 1, Chapter 3) 

A 1.1. Average volumetric soil moisture content (%) on every Monday for no-till no 

cover crop (NN), conventional till no cover crop (CN), and no-till cover crop (NC) 

treatments at 5, 10, 20 and 40 cm depths. 

Date Treatment 5 cm  10 cm 20 cm 40 cm 

3/2/2020 NN 34.7 39.1 33.0 34.9 

3/9/2020 NN 31.2 36.3 31.5 34.2 

3/16/2020 NN 38.5 40.7 34.5 36.2 

3/23/2020 NN 39.0 41.4 34.8 36.5 

3/30/2020 NN 35.8 39.4 33.7 36.0 

4/6/2020 NN 32.1 36.1 32.4 35.4 

4/13/2020 NN 29.9 33.7 31.2 34.7 

4/20/2020 NN 30.1 34.8 31.1 34.3 

4/27/2020 NN 36.7 38.3 33.4 36.2 

5/4/2020 NN 31.4 34.4 32.3 35.2 

5/11/2020 NN 35.0 36.6 33.7 36.3 

5/18/2020 NN 37.4 37.5 34.1 37.6 

5/25/2020 NN 31.2 34.3 31.5 34.6 

6/1/2020 NN 31.9 33.7 31.2 34.3 

6/8/2020 NN 30.2 32.8 30.3 33.6 

6/15/2020 NN 31.9 33.2 30.6 34.2 

6/22/2020 NN 29.2 31.4 28.6 33.6 

6/29/2020 NN 27.1 30.4 26.7 32.8 

7/6/2020 NN 27.3 31.6 26.2 31.5 

7/13/2020 NN 22.1 27.8 23.4 29.1 

7/20/2020 NN 21.4 25.1 22.0 27.8 

7/27/2020 NN 20.2 24.4 21.7 27.2 

8/3/2020 NN 34.5 36.8 30.0 34.3 

8/10/2020 NN 38.1 35.4 31.3 36.1 

8/17/2020 NN 30.2 32.5 28.5 34.0 

8/24/2020 NN 23.9 28.4 26.6 31.7 

8/31/2020 NN 21.0 26.8 25.1 30.5 

9/7/2020 NN 20.0 25.4 25.3 29.5 

9/14/2020 NN 32.3 33.5 29.2 30.0 

9/21/2020 NN 27.0 32.2 28.1 30.1 

9/28/2020 NN 20.6 27.5 23.3 29.1 

10/5/2020 NN 22.3 29.4 24.5 29.6 
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10/12/2020 NN 20.7 26.8 23.9 29.1 

10/19/2020 NN 20.4 27.0 25.3 29.8 

10/26/2020 NN 24.0 28.6 26.0 29.9 

11/2/2020 NN 27.0 34.3 28.6 30.4 

11/9/2020 NN 23.3 33.8 26.7 29.8 

11/16/2020 NN 30.3 36.4 31.7 33.0 

11/23/2020 NN 32.8 37.2 31.0 32.7 

11/30/2020 NN 35.2 35.9 31.2 35.5 

3/8/2021 NN 33.6 35.7 31.3 34.5 

3/15/2021 NN 37.8 39.1 33.1 34.7 

3/22/2021 NN 35.2 38.6 33.3 35.0 

3/29/2021 NN 36.2 37.9 33.2 35.1 

4/5/2021 NN 33.3 35.1 30.3 35.2 

4/12/2021 NN 37.3 37.4 32.4 36.4 

4/19/2021 NN 35.0 34.5 31.5 35.6 

4/26/2021 NN 37.2 36.9 32.0 36.3 

5/3/2021 NN 36.8 36.3 32.2 36.5 

5/10/2021 NN 38.2 38.5 34.0 36.6 

5/17/2021 NN 40.5 38.2 33.3 37.1 

5/24/2021 NN 35.3 33.9 31.4 35.4 

5/31/2021 NN 32.2 36.7 32.2 35.8 

6/7/2021 NN 30.9 32.1 29.9 34.3 

3/2/2020 CN 38.0 35.4 36.8 39.6 

3/9/2020 CN 31.4 34.6 35.0 38.7 

3/16/2020 CN 44.3 41.7 39.0 41.1 

3/23/2020 CN 46.1 43.5 39.3 41.7 

3/30/2020 CN 42.7 41.3 37.6 40.3 

4/6/2020 CN 38.9 39.3 36.4 39.8 

4/13/2020 CN 34.2 35.9 34.7 38.8 

4/20/2020 CN 35.5 36.0 34.6 38.4 

4/27/2020 CN 44.0 39.9 37.4 40.0 

5/4/2020 CN 37.7 37.4 35.7 39.0 

5/11/2020 CN 40.5 39.7 37.7 40.6 

5/18/2020 CN 43.9 40.0 37.5 40.9 

5/25/2020 CN 37.8 35.5 35.2 39.1 

6/1/2020 CN 37.5 34.6 35.5 39.8 

6/8/2020 CN 35.4 30.9 34.3 38.8 

6/15/2020 CN 35.6 30.0 34.6 39.3 

6/22/2020 CN 33.0 29.2 33.6 39.3 

6/29/2020 CN 33.4 27.8 33.2 39.4 
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7/6/2020 CN 35.1 30.0 33.1 39.3 

7/13/2020 CN 30.4 25.0 30.1 38.3 

7/20/2020 CN 28.7 23.1 28.3 36.9 

7/27/2020 CN 28.1 22.3 26.6 34.9 

8/3/2020 CN 41.0 34.3 35.8 38.6 

8/10/2020 CN 42.3 33.5 36.2 40.0 

8/17/2020 CN 34.1 28.8 34.4 39.8 

8/24/2020 CN 28.0 23.7 30.2 37.0 

8/31/2020 CN 25.4 21.8 28.0 33.7 

9/7/2020 CN 24.3 23.0 26.7 32.2 

9/14/2020 CN 38.2 32.1 31.2 32.9 

9/21/2020 CN 29.8 26.0 26.8 30.7 

9/28/2020 CN 26.6 31.6 26.4 31.8 

10/5/2020 CN 27.4 31.8 27.6 32.1 

10/12/2020 CN 26.6 29.5 27.0 31.8 

10/19/2020 CN 27.0 29.7 29.3 32.5 

10/26/2020 CN 28.5 28.6 28.1 32.5 

11/2/2020 CN 32.3 37.2 31.6 33.7 

11/9/2020 CN 29.6 40.4 30.1 33.0 

11/16/2020 CN 34.3 39.5 34.7 37.2 

11/23/2020 CN 35.3 40.3 33.0 33.6 

11/30/2020 CN 34.1 38.0 32.4 35.1 

3/8/2021 CN 32.2 32.7 31.9 35.3 

3/15/2021 CN 38.5 36.0 33.1 35.9 

3/22/2021 CN 35.4 36.9 33.0 36.0 

3/29/2021 CN 35.8 30.2 33.3 36.4 

4/5/2021 CN 28.3 30.5 30.7 34.9 

4/12/2021 CN 37.3 30.8 33.7 36.9 

4/19/2021 CN 32.8 32.9 32.2 35.8 

4/26/2021 CN 35.9 35.5 32.9 36.2 

5/3/2021 CN 35.7 35.2 32.9 36.2 

5/10/2021 CN 37.8 31.3 34.3 37.2 

5/17/2021 CN 38.5 32.1 33.7 37.1 

5/24/2021 CN 33.0 34.0 31.8 35.4 

5/31/2021 CN 34.5 35.5 32.6 36.0 

6/7/2021 CN 29.4 31.2 30.5 34.9 

3/2/2020 NC 34.0 40.0 35.9 40.4 

3/9/2020 NC 30.8 36.5 31.8 38.8 

3/16/2020 NC 37.7 41.8 37.1 40.5 

3/23/2020 NC 45.1 44.4 38.3 42.1 
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3/30/2020 NC 38.8 43.0 35.7 40.7 

4/6/2020 NC 36.1 40.2 35.8 40.6 

4/13/2020 NC 30.1 36.1 32.1 38.0 

4/20/2020 NC 32.3 36.5 32.0 37.2 

4/27/2020 NC 39.4 40.6 32.9 38.6 

5/4/2020 NC 33.3 38.4 32.2 38.0 

5/11/2020 NC 36.0 40.7 32.5 39.4 

5/18/2020 NC 38.8 40.8 34.7 39.3 

5/25/2020 NC 34.0 38.6 33.1 38.1 

6/1/2020 NC 32.2 39.3 33.6 38.5 

6/8/2020 NC 32.1 38.0 32.0 38.1 

6/15/2020 NC 31.1 38.5 32.9 38.5 

6/22/2020 NC 22.9 35.6 32.1 37.0 

6/29/2020 NC 27.3 32.0 30.8 35.8 

7/6/2020 NC 28.2 32.6 30.8 35.0 

7/13/2020 NC 21.8 28.7 28.5 33.2 

7/20/2020 NC 19.5 25.7 26.4 31.5 

7/27/2020 NC 18.0 24.5 24.3 31.4 

8/3/2020 NC 31.4 37.6 34.0 38.2 

8/10/2020 NC 33.3 38.2 33.9 39.1 

8/17/2020 NC 25.6 33.1 32.4 37.9 

8/24/2020 NC 25.0 27.8 29.8 35.7 

8/31/2020 NC 22.7 25.3 28.8 34.6 

9/7/2020 NC 23.2 24.7 27.4 33.5 

9/14/2020 NC 37.1 35.1 34.5 36.1 

9/21/2020 NC 25.4 30.9 27.2 33.3 

9/28/2020 NC 28.9 30.6 31.5 35.6 

10/5/2020 NC 29.2 35.4 30.1 34.3 

10/12/2020 NC 24.2 29.2 27.9 35.8 

10/19/2020 NC 35.6 27.3 28.8 35.5 

10/26/2020 NC 20.7 30.5 30.7 36.5 

11/2/2020 NC 28.6 32.0 32.1 38.3 

11/9/2020 NC 34.6 31.8 32.2 36.6 

11/16/2020 NC 34.1 33.5 28.3 40.0 

11/23/2020 NC 31.6 30.2 34.0 40.5 

11/30/2020 NC 34.7 31.1 33.3 40.0 

3/8/2021 NC 29.4 33.2 29.6 37.9 

3/15/2021 NC 34.0 36.5 31.1 38.4 

3/22/2021 NC 33.9 34.6 29.8 38.1 

3/29/2021 NC 36.3 35.3 29.2 38.0 
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4/5/2021 NC 32.3 31.3 29.1 37.2 

4/12/2021 NC 37.5 34.1 30.0 38.3 

4/19/2021 NC 33.9 31.0 28.7 42.9 

4/26/2021 NC 36.0 33.5 29.2 40.9 

5/3/2021 NC 36.5 33.9 28.5 37.4 

5/10/2021 NC 38.5 34.9 30.2 38.6 

5/17/2021 NC 39.2 35.7 29.9 38.5 

5/24/2021 NC 33.7 30.9 26.6 36.7 

5/31/2021 NC 35.2 32.1 28.3 37.0 

6/7/2021 NC 28.9 28.1 27.9 34.4 
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Appendix 2  
(Study 2, Chapter 4) 

A 2.1. Soil thermal conductivity (λ) for no-till cover crop (NC), conventional till no cover 

crop (CN), no-till no cover crop (NN), and grass (G) treatments for 0- to 10-, 10- to 20-, 

20- to 30-, and 30- to 40-cm soil depths at 0, -33, and -100 kPa soil water pressures.  

Treatment Location 
Depth 

(cm) 

Soil 

Water 

Pressure 

(kPa) 

Soil 

Thermal 

Conductivity 

(W m-1 K-1) 

NN 1 0-10 0 1.307 

NN 1 0-10 0 1.161 

NN 2 0-10 0 1.563 

NN 2 0-10 0 1.502 

NN 3 0-10 0 1.495 

NN 3 0-10 0 1.621 

NN 4 0-10 0 1.519 

NN 4 0-10 0 1.529 

NN 5 0-10 0 1.594 

NN 5 0-10 0 1.464 

NN 6 0-10 0 1.566 

NN 6 0-10 0 1.480 

NC 1 0-10 0 1.540 

NC 1 0-10 0 1.484 

NC 2 0-10 0 1.307 

NC 2 0-10 0 1.329 

NC 3 0-10 0 1.331 

NC 3 0-10 0 1.260 

NC 4 0-10 0 1.544 

NC 4 0-10 0 1.541 

NC 5 0-10 0 1.630 

NC 5 0-10 0 1.632 

NC 6 0-10 0 1.450 

NC 6 0-10 0 1.321 

CN 1 0-10 0 1.514 

CN 1 0-10 0 1.387 

CN 2 0-10 0 1.466 

CN 2 0-10 0 1.466 

CN 3 0-10 0 1.475 

CN 3 0-10 0 1.378 

CN 4 0-10 0 1.473 

CN 4 0-10 0 1.323 
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CN 5 0-10 0 1.270 

CN 5 0-10 0 1.522 

CN 6 0-10 0 1.554 

CN 6 0-10 0 1.510 

G 1 0-10 0 1.352 

G 1 0-10 0 1.310 

G 2 0-10 0 1.478 

G 2 0-10 0 1.364 

G 3 0-10 0 1.497 

G 3 0-10 0 1.421 

G 4 0-10 0 1.463 

G 4 0-10 0 1.401 

G 5 0-10 0 1.522 

G 5 0-10 0 1.500 

G 6 0-10 0 1.554 

G 6 0-10 0 1.381 

NN 1 0-10 -33 1.070 

NN 1 0-10 -33 1.251 

NN 2 0-10 -33 1.469 

NN 2 0-10 -33 1.305 

NN 3 0-10 -33 1.532 

NN 3 0-10 -33 1.356 

NN 4 0-10 -33 1.459 

NN 4 0-10 -33 1.335 

NN 5 0-10 -33 1.561 

NN 5 0-10 -33 1.413 

NN 6 0-10 -33 1.516 

NN 6 0-10 -33 1.373 

NC 1 0-10 -33 1.483 

NC 1 0-10 -33 1.251 

NC 2 0-10 -33 1.351 

NC 2 0-10 -33 1.172 

NC 3 0-10 -33 1.265 

NC 3 0-10 -33 1.268 

NC 4 0-10 -33 1.54 

NC 4 0-10 -33 1.352 

NC 5 0-10 -33 1.526 

NC 5 0-10 -33 1.569 

NC 6 0-10 -33 1.337 

NC 6 0-10 -33 1.428 

CN 1 0-10 -33 1.486 

CN 1 0-10 -33 1.380 

CN 2 0-10 -33 1.334 
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CN 2 0-10 -33 1.309 

CN 3 0-10 -33 1.516 

CN 3 0-10 -33 1.387 

CN 4 0-10 -33 1.225 

CN 4 0-10 -33 1.459 

CN 5 0-10 -33 1.572 

CN 5 0-10 -33 1.356 

CN 6 0-10 -33 1.523 

CN 6 0-10 -33 1.516 

G 1 0-10 -33 1.327 

G 1 0-10 -33 1.218 

G 2 0-10 -33 1.283 

G 2 0-10 -33 1.256 

G 3 0-10 -33 1.427 

G 3 0-10 -33 1.330 

G 4 0-10 -33 1.476 

G 4 0-10 -33 1.368 

G 5 0-10 -33 1.547 

G 5 0-10 -33 1.569 

G 6 0-10 -33 1.332 

G 6 0-10 -33 1.282 

NN 1 0-10 -100 1.016 

NN 1 0-10 -100 1.283 

NN 2 0-10 -100 1.421 

NN 2 0-10 -100 1.483 

NN 3 0-10 -100 1.419 

NN 3 0-10 -100 1.522 

NN 4 0-10 -100 1.535 

NN 4 0-10 -100 1.455 

NN 5 0-10 -100 1.422 

NN 5 0-10 -100 1.547 

NN 6 0-10 -100 1.395 

NN 6 0-10 -100 1.380 

NC 1 0-10 -100 1.232 

NC 1 0-10 -100 1.519 

NC 2 0-10 -100 1.078 

NC 2 0-10 -100 1.147 

NC 3 0-10 -100 1.240 

NC 3 0-10 -100 1.103 

NC 4 0-10 -100 1.474 

NC 4 0-10 -100 1.352 

NC 5 0-10 -100 1.577 

NC 5 0-10 -100 1.550 
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NC 6 0-10 -100 1.455 

NC 6 0-10 -100 1.144 

CN 1 0-10 -100 1.376 

CN 1 0-10 -100 1.394 

CN 2 0-10 -100 1.302 

CN 2 0-10 -100 1.471 

CN 3 0-10 -100 1.213 

CN 3 0-10 -100 1.411 

CN 4 0-10 -100 1.263 

CN 4 0-10 -100 1.361 

CN 5 0-10 -100 1.366 

CN 5 0-10 -100 1.228 

CN 6 0-10 -100 1.371 

CN 6 0-10 -100 1.448 

G 1 0-10 -100 1.165 

G 1 0-10 -100 1.193 

G 2 0-10 -100 1.356 

G 2 0-10 -100 1.397 

G 3 0-10 -100 1.336 

G 3 0-10 -100 1.393 

G 4 0-10 -100 1.338 

G 4 0-10 -100 1.561 

G 5 0-10 -100 1.568 

G 5 0-10 -100 1.483 

G 6 0-10 -100 1.289 

G 6 0-10 -100 1.393 

NN 1  10-20 0 1.803 

NN 1  10-20 0 1.759 

NN 2  10-20 0 1.629 

NN 2  10-20 0 1.758 

NN 3  10-20 0 1.623 

NN 3  10-20 0 1.376 

NN 4  10-20 0 1.615 

NN 4  10-20 0 1.486 

NN 5  10-20 0 1.726 

NN 5  10-20 0 1.662 

NN 6  10-20 0 1.662 

NN 6  10-20 0 1.617 

NC 1  10-20 0 1.503 

NC 1  10-20 0 1.525 

NC 2  10-20 0 1.525 

NC 2  10-20 0 1.344 

NC 3  10-20 0 1.525 
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NC 3  10-20 0 1.444 

NC 4  10-20 0 1.572 

NC 4  10-20 0 1.464 

NC 5  10-20 0 1.515 

NC 5  10-20 0 1.680 

NC 6  10-20 0 1.460 

NC 6  10-20 0 1.447 

CN 1  10-20 0 1.661 

CN 1  10-20 0 1.680 

CN 2  10-20 0 1.643 

CN 2  10-20 0 1.550 

CN 3  10-20 0 1.603 

CN 3  10-20 0 1.697 

CN 4  10-20 0 1.697 

CN 4  10-20 0 1.613 

CN 5  10-20 0 1.510 

CN 5  10-20 0 1.628 

CN 6  10-20 0 1.715 

CN 6  10-20 0 1.647 

G 1  10-20 0 1.493 

G 1  10-20 0 1.375 

G 2  10-20 0 1.413 

G 2  10-20 0 1.473 

G 3  10-20 0 1.507 

G 3  10-20 0 1.394 

G 4  10-20 0 1.473 

G 4  10-20 0 1.524 

G 5  10-20 0 1.538 

G 5  10-20 0 1.428 

G 6  10-20 0 1.480 

G 6  10-20 0 1.398 

NN 1  10-20 -33 1.731 

NN 1  10-20 -33 1.738 

NN 2  10-20 -33 1.664 

NN 2  10-20 -33 1.586 

NN 3  10-20 -33 1.569 

NN 3  10-20 -33 1.644 

NN 4  10-20 -33 1.354 

NN 4  10-20 -33 1.533 

NN 5  10-20 -33 1.663 

NN 5  10-20 -33 1.694 

NN 6  10-20 -33 1.547 

NN 6  10-20 -33 1.687 
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NC 1  10-20 -33 1.441 

NC 1  10-20 -33 1.206 

NC 2  10-20 -33 1.473 

NC 2  10-20 -33 1.467 

NC 3  10-20 -33 1.329 

NC 3  10-20 -33 1.561 

NC 4  10-20 -33 1.522 

NC 4  10-20 -33 1.574 

NC 5  10-20 -33 1.56 

NC 5  10-20 -33 1.575 

NC 6  10-20 -33 1.433 

NC 6  10-20 -33 1.607 

CN 1  10-20 -33 1.571 

CN 1  10-20 -33 1.558 

CN 2  10-20 -33 1.737 

CN 2  10-20 -33 1.449 

CN 3  10-20 -33 1.529 

CN 3  10-20 -33 1.587 

CN 4  10-20 -33 1.522 

CN 4  10-20 -33 1.398 

CN 5  10-20 -33 1.619 

CN 5  10-20 -33 1.749 

CN 6  10-20 -33 1.647 

CN 6  10-20 -33 1.598 

G 1  10-20 -33 1.520 

G 1  10-20 -33 1.437 

G 2  10-20 -33 1.431 

G 2  10-20 -33 1.418 

G 3  10-20 -33 1.488 

G 3  10-20 -33 1.411 

G 4  10-20 -33 1.489 

G 4  10-20 -33 1.492 

G 5  10-20 -33 1.479 

G 5  10-20 -33 1.438 

G 6  10-20 -33 1.395 

G 6  10-20 -33 1.256 

NN 1  10-20 -100 1.623 

NN 1  10-20 -100 1.800 

NN 2  10-20 -100 1.672 

NN 2  10-20 -100 1.515 

NN 3  10-20 -100 1.387 

NN 3  10-20 -100 1.320 

NN 4  10-20 -100 1.510 
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NN 4  10-20 -100 1.477 

NN 5  10-20 -100 1.641 

NN 5  10-20 -100 1.648 

NN 6  10-20 -100 1.721 

NN 6  10-20 -100 1.653 

NC 1  10-20 -100 1.453 

NC 1  10-20 -100 1.497 

NC 2  10-20 -100 1.406 

NC 2  10-20 -100 1.466 

NC 3  10-20 -100 1.490 

NC 3  10-20 -100 1.446 

NC 4  10-20 -100 1.479 

NC 4  10-20 -100 1.265 

NC 5  10-20 -100 1.595 

NC 5  10-20 -100 1.411 

NC 6  10-20 -100 1.562 

NC 6  10-20 -100 1.482 

CN 1  10-20 -100 1.583 

CN 1  10-20 -100 1.455 

CN 2  10-20 -100 1.563 

CN 2  10-20 -100 1.590 

CN 3  10-20 -100 1.577 

CN 3  10-20 -100 1.427 

CN 4  10-20 -100 1.472 

CN 4  10-20 -100 1.479 

CN 5  10-20 -100 1.569 

CN 5  10-20 -100 1.580 

CN 6  10-20 -100 1.553 

CN 6  10-20 -100 1.566 

G 1  10-20 -100 1.447 

G 1  10-20 -100 1.418 

G 2  10-20 -100 1.381 

G 2  10-20 -100 1.422 

G 3  10-20 -100 1.376 

G 3  10-20 -100 1.388 

G 4  10-20 -100 1.328 

G 4  10-20 -100 1.253 

G 5  10-20 -100 1.444 

G 5  10-20 -100 1.430 

G 6  10-20 -100 1.327 

G 6  10-20 -100 1.252 

NN 1  20-30 0 1.596 

NN 1  20-30 0 1.572 
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NN 2  20-30 0 1.655 

NN 2  20-30 0 1.427 

NN 3  20-30 0 1.717 

NN 3  20-30 0 1.605 

NN 4  20-30 0 1.515 

NN 4  20-30 0 1.577 

NN 5  20-30 0 1.534 

NN 5  20-30 0 1.365 

NN 6  20-30 0 1.627 

NN 6  20-30 0 1.642 

NC 1  20-30 0 1.620 

NC 1  20-30 0 1.650 

NC 2  20-30 0 1.589 

NC 2  20-30 0 1.508 

NC 3  20-30 0 1.422 

NC 3  20-30 0 1.442 

NC 4  20-30 0 1.685 

NC 4  20-30 0 1.403 

NC 5  20-30 0 1.685 

NC 5  20-30 0 1.559 

NC 6  20-30 0 1.609 

NC 6  20-30 0 1.683 

CN 1  20-30 0 1.438 

CN 1  20-30 0 1.431 

CN 2  20-30 0 1.509 

CN 2  20-30 0 1.634 

CN 3  20-30 0 1.595 

CN 3  20-30 0 1.671 

CN 4  20-30 0 1.560 

CN 4  20-30 0 1.554 

CN 5  20-30 0 1.662 

CN 5  20-30 0 1.667 

CN 6  20-30 0 1.614 

CN 6  20-30 0 1.633 

G 1  20-30 0 1.570 

G 1  20-30 0 1.440 

G 2  20-30 0 1.461 

G 2  20-30 0 1.511 

G 3  20-30 0 1.446 

G 3  20-30 0 1.437 

G 4  20-30 0 1.437 

G 4  20-30 0 1.392 

G 5  20-30 0 1.187 
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G 5  20-30 0 1.069 

G 6  20-30 0 1.334 

G 6  20-30 0 1.266 

NN 1  20-30 -33 1.520 

NN 1  20-30 -33 1.49 

NN 2  20-30 -33 1.482 

NN 2  20-30 -33 1.599 

NN 3  20-30 -33 1.633 

NN 3  20-30 -33 1.604 

NN 4  20-30 -33 1.534 

NN 4  20-30 -33 1.527 

NN 5  20-30 -33 1.360 

NN 5  20-30 -33 1.323 

NN 6  20-30 -33 1.487 

NN 6  20-30 -33 1.401 

NC 1  20-30 -33 1.515 

NC 1  20-30 -33 1.534 

NC 2  20-30 -33 1.415 

NC 2  20-30 -33 1.319 

NC 3  20-30 -33 1.407 

NC 3  20-30 -33 1.34 

NC 4  20-30 -33 1.507 

NC 4  20-30 -33 1.517 

NC 5  20-30 -33 1.594 

NC 5  20-30 -33 1.591 

NC 6  20-30 -33 1.51 

NC 6  20-30 -33 1.572 

CN 1  20-30 -33 1.414 

CN 1  20-30 -33 1.399 

CN 2  20-30 -33 1.575 

CN 2  20-30 -33 1.460 

CN 3  20-30 -33 1.674 

CN 3  20-30 -33 1.668 

CN 4  20-30 -33 1.324 

CN 4  20-30 -33 1.442 

CN 5  20-30 -33 1.611 

CN 5  20-30 -33 1.636 

CN 6  20-30 -33 1.541 

CN 6  20-30 -33 1.602 

G 1  20-30 -33 1.483 

G 1  20-30 -33 1.382 

G 2  20-30 -33 1.493 

G 2  20-30 -33 1.467 
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G 3  20-30 -33 1.528 

G 3  20-30 -33 1.398 

G 4  20-30 -33 1.380 

G 4  20-30 -33 1.329 

G 5  20-30 -33 0.926 

G 5  20-30 -33 1.021 

G 6  20-30 -33 1.339 

G 6  20-30 -33 1.199 

NN 1  20-30 -100 1.462 

NN 1  20-30 -100 1.575 

NN 2  20-30 -100 1.505 

NN 2  20-30 -100 1.305 

NN 3  20-30 -100 1.476 

NN 3  20-30 -100 1.568 

NN 4  20-30 -100 1.528 

NN 4  20-30 -100 1.528 

NN 5  20-30 -100 1.404 

NN 5  20-30 -100 1.189 

NN 6  20-30 -100 1.491 

NN 6  20-30 -100 1.507 

NC 1  20-30 -100 1.516 

NC 1  20-30 -100 1.487 

NC 2  20-30 -100 1.530 

NC 2  20-30 -100 1.403 

NC 3  20-30 -100 1.382 

NC 3  20-30 -100 1.281 

NC 4  20-30 -100 1.448 

NC 4  20-30 -100 1.557 

NC 5  20-30 -100 1.545 

NC 5  20-30 -100 1.500 

NC 6  20-30 -100 1.523 

NC 6  20-30 -100 1.437 

CN 1  20-30 -100 1.372 

CN 1  20-30 -100 1.344 

CN 2  20-30 -100 1.595 

CN 2  20-30 -100 1.589 

CN 3  20-30 -100 1.497 

CN 3  20-30 -100 1.603 

CN 4  20-30 -100 1.359 

CN 4  20-30 -100 1.333 

CN 5  20-30 -100 1.720 

CN 5  20-30 -100 1.579 

CN 6  20-30 -100 1.588 
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CN 6  20-30 -100 1.618 

G 1  20-30 -100 1.494 

G 1  20-30 -100 1.293 

G 2  20-30 -100 1.559 

G 2  20-30 -100 1.553 

G 3  20-30 -100 1.432 

G 3  20-30 -100 1.441 

G 4  20-30 -100 1.552 

G 4  20-30 -100 1.435 

G 5  20-30 -100 0.991 

G 5  20-30 -100 0.856 

G 6  20-30 -100 1.127 

G 6  20-30 -100 1.160 

NN 1  30-40 0 1.590 

NN 1  30-40 0 1.471 

NN 2  30-40 0 1.528 

NN 2  30-40 0 1.561 

NN 3  30-40 0 1.614 

NN 3  30-40 0 1.537 

NN 4  30-40 0 1.560 

NN 4  30-40 0 1.482 

NN 5  30-40 0 1.640 

NN 5  30-40 0 1.560 

NN 6  30-40 0 1.729 

NN 6  30-40 0 1.759 

NC 1  30-40 0 1.661 

NC 1  30-40 0 1.659 

NC 2  30-40 0 1.578 

NC 2  30-40 0 1.659 

NC 3  30-40 0 1.802 

NC 3  30-40 0 1.660 

NC 4  30-40 0 1.522 

NC 4  30-40 0 1.620 

NC 5  30-40 0 1.627 

NC 5  30-40 0 1.745 

NC 6  30-40 0 1.689 

NC 6  30-40 0 1.595 

CN 1  30-40 0 1.724 

CN 1  30-40 0 1.578 

CN 2  30-40 0 1.703 

CN 2  30-40 0 1.678 

CN 3  30-40 0 1.415 

CN 3  30-40 0 1.559 
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CN 4  30-40 0 1.341 

CN 4  30-40 0 1.245 

CN 5  30-40 0 1.617 

CN 5  30-40 0 1.673 

CN 6  30-40 0 1.742 

CN 6  30-40 0 1.397 

G 1  30-40 0 0.859 

G 1  30-40 0 1.329 

G 2  30-40 0 1.540 

G 2  30-40 0 1.437 

G 3  30-40 0 1.457 

G 3  30-40 0 0.902 

G 4  30-40 0 1.563 

G 4  30-40 0 1.586 

G 5  30-40 0 1.211 

G 5  30-40 0 1.191 

G 6  30-40 0 1.300 

G 6  30-40 0 1.349 

NN 1  30-40 -33 1.655 

NN 1  30-40 -33 1.508 

NN 2  30-40 -33 1.545 

NN 2  30-40 -33 1.514 

NN 3  30-40 -33 1.589 

NN 3  30-40 -33 1.622 

NN 4  30-40 -33 1.434 

NN 4  30-40 -33 1.387 

NN 5  30-40 -33 1.620 

NN 5  30-40 -33 1.601 

NN 6  30-40 -33 1.720 

NN 6  30-40 -33 1.739 

NC 1  30-40 -33 1.557 

NC 1  30-40 -33 1.607 

NC 2  30-40 -33 1.647 

NC 2  30-40 -33 1.633 

NC 3  30-40 -33 1.728 

NC 3  30-40 -33 1.697 

NC 4  30-40 -33 1.446 

NC 4  30-40 -33 1.474 

NC 5  30-40 -33 1.508 

NC 5  30-40 -33 1.566 

NC 6  30-40 -33 1.769 

NC 6  30-40 -33 1.506 

CN 1  30-40 -33 1.387 
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CN 1  30-40 -33 1.508 

CN 2  30-40 -33 1.550 

CN 2  30-40 -33 1.661 

CN 3  30-40 -33 1.384 

CN 3  30-40 -33 1.518 

CN 4  30-40 -33 1.256 

CN 4  30-40 -33 1.068 

CN 5  30-40 -33 1.376 

CN 5  30-40 -33 1.208 

CN 6  30-40 -33 1.509 

CN 6  30-40 -33 1.695 

G 1  30-40 -33 0.843 

G 1  30-40 -33 0.968 

G 2  30-40 -33 0.948 

G 2  30-40 -33 1.546 

G 3  30-40 -33 1.367 

G 3  30-40 -33 1.263 

G 4  30-40 -33 1.542 

G 4  30-40 -33 1.492 

G 5  30-40 -33 1.001 

G 5  30-40 -33 1.123 

G 6  30-40 -33 1.207 

G 6  30-40 -33 1.200 

NN 1  30-40 -100 1.542 

NN 1  30-40 -100 1.532 

NN 2  30-40 -100 1.521 

NN 2  30-40 -100 1.560 

NN 3  30-40 -100 1.603 

NN 3  30-40 -100 1.561 

NN 4  30-40 -100 1.509 

NN 4  30-40 -100 1.404 

NN 5  30-40 -100 1.602 

NN 5  30-40 -100 1.620 

NN 6  30-40 -100 1.739 

NN 6  30-40 -100 1.758 

NC 1  30-40 -100 1.499 

NC 1  30-40 -100 1.510 

NC 2  30-40 -100 1.672 

NC 2  30-40 -100 1.552 

NC 3  30-40 -100 1.725 

NC 3  30-40 -100 1.639 

NC 4  30-40 -100 1.277 

NC 4  30-40 -100 1.300 
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NC 5  30-40 -100 1.396 

NC 5  30-40 -100 1.438 

NC 6  30-40 -100 1.496 

NC 6  30-40 -100 1.507 

CN 1  30-40 -100 1.476 

CN 1  30-40 -100 1.450 

CN 2  30-40 -100 1.556 

CN 2  30-40 -100 1.544 

CN 3  30-40 -100 1.238 

CN 3  30-40 -100 1.241 

CN 4  30-40 -100 1.129 

CN 4  30-40 -100 1.033 

CN 5  30-40 -100 1.240 

CN 5  30-40 -100 1.329 

CN 6  30-40 -100 1.041 

CN 6  30-40 -100 1.758 

G 1  30-40 -100 0.780 

G 1  30-40 -100 0.712 

G 2  30-40 -100 1.577 

G 2  30-40 -100 0.941 

G 3  30-40 -100 0.951 

G 3  30-40 -100 0.784 

G 4  30-40 -100 1.566 

G 4  30-40 -100 1.556 

G 5  30-40 -100 1.302 

G 5  30-40 -100 0.922 

G 6  30-40 -100 1.293 

G 6  30-40 -100 1.096 
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A 2.2. Soil heat capacity (Cv) for no-till cover crop (NC), conventional till no cover crop 

(CN), no-till no cover crop (NN), and grass (G) treatments for 0- to 10-, 10- to 20-, 20- to 

30-, and 30- to 40-cm soil depths at 0, -33, and -100 kPa soil water pressures.  

Treatment Location 
Depth 

(cm) 

Soil 

Water 

Pressure 

(kPa) 

Soil Heat 

Capacity       

(MJ m−3 K−1) 

NN 1 0-10 0 3.395 

NN 1 0-10 0 3.419 

NN 2 0-10 0 4.087 

NN 2 0-10 0 4.120 

NN 3 0-10 0 4.412 

NN 3 0-10 0 3.824 

NN 4 0-10 0 4.117 

NN 4 0-10 0 4.554 

NN 5 0-10 0 3.987 

NN 5 0-10 0 4.087 

NN 6 0-10 0 4.234 

NN 6 0-10 0 3.969 

NC 1 0-10 0 4.239 

NC 1 0-10 0 3.832 

NC 2 0-10 0 3.771 

NC 2 0-10 0 3.650 

NC 3 0-10 0 3.848 

NC 3 0-10 0 3.261 

NC 4 0-10 0 3.848 

NC 4 0-10 0 3.817 

NC 5 0-10 0 4.266 

NC 5 0-10 0 3.486 

NC 6 0-10 0 3.849 

NC 6 0-10 0 4.174 

CN 1 0-10 0 3.790 

CN 1 0-10 0 3.472 

CN 2 0-10 0 3.685 

CN 2 0-10 0 3.737 

CN 3 0-10 0 3.912 

CN 3 0-10 0 3.710 

CN 4 0-10 0 3.864 

CN 4 0-10 0 3.498 

CN 5 0-10 0 3.101 
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CN 5 0-10 0 3.607 

CN 6 0-10 0 3.779 

CN 6 0-10 0 3.816 

G 1 0-10 0 3.288 

G 1 0-10 0 3.822 

G 2 0-10 0 4.060 

G 2 0-10 0 3.303 

G 3 0-10 0 4.026 

G 3 0-10 0 4.402 

G 4 0-10 0 3.799 

G 4 0-10 0 3.871 

G 5 0-10 0 3.607 

G 5 0-10 0 4.286 

G 6 0-10 0 3.779 

G 6 0-10 0 3.833 

NN 1 0-10 -33 2.743 

NN 1 0-10 -33 3.103 

NN 2 0-10 -33 3.308 

NN 2 0-10 -33 3.284 

NN 3 0-10 -33 3.467 

NN 3 0-10 -33 3.286 

NN 4 0-10 -33 3.010 

NN 4 0-10 -33 3.158 

NN 5 0-10 -33 3.338 

NN 5 0-10 -33 3.079 

NN 6 0-10 -33 3.392 

NN 6 0-10 -33 3.435 

NC 1 0-10 -33 2.953 

NC 1 0-10 -33 2.649 

NC 2 0-10 -33 3.295 

NC 2 0-10 -33 3.249 

NC 3 0-10 -33 2.822 

NC 3 0-10 -33 3.728 

NC 4 0-10 -33 3.379 

NC 4 0-10 -33 3.543 

NC 5 0-10 -33 3.103 

NC 5 0-10 -33 3.453 

NC 6 0-10 -33 2.955 

NC 6 0-10 -33 3.857 

CN 1 0-10 -33 3.359 

CN 1 0-10 -33 2.816 

CN 2 0-10 -33 3.232 

CN 2 0-10 -33 3.458 
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CN 3 0-10 -33 3.065 

CN 3 0-10 -33 3.762 

CN 4 0-10 -33 3.005 

CN 4 0-10 -33 2.863 

CN 5 0-10 -33 3.016 

CN 5 0-10 -33 2.982 

CN 6 0-10 -33 2.350 

CN 6 0-10 -33 2.723 

G 1 0-10 -33 3.119 

G 1 0-10 -33 3.233 

G 2 0-10 -33 3.256 

G 2 0-10 -33 3.326 

G 3 0-10 -33 3.379 

G 3 0-10 -33 3.762 

G 4 0-10 -33 3.280 

G 4 0-10 -33 4.048 

G 5 0-10 -33 3.737 

G 5 0-10 -33 3.309 

G 6 0-10 -33 3.394 

G 6 0-10 -33 3.020 

NN 1 0-10 -100 2.381 

NN 1 0-10 -100 3.213 

NN 2 0-10 -100 3.338 

NN 2 0-10 -100 3.259 

NN 3 0-10 -100 3.790 

NN 3 0-10 -100 3.880 

NN 4 0-10 -100 3.250 

NN 4 0-10 -100 3.446 

NN 5 0-10 -100 3.801 

NN 5 0-10 -100 2.608 

NN 6 0-10 -100 3.610 

NN 6 0-10 -100 3.289 

NC 1 0-10 -100 2.538 

NC 1 0-10 -100 2.912 

NC 2 0-10 -100 3.075 

NC 2 0-10 -100 2.877 

NC 3 0-10 -100 3.180 

NC 3 0-10 -100 2.819 

NC 4 0-10 -100 3.125 

NC 4 0-10 -100 2.420 

NC 5 0-10 -100 2.814 

NC 5 0-10 -100 3.123 

NC 6 0-10 -100 3.159 
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NC 6 0-10 -100 2.429 

CN 1 0-10 -100 2.490 

CN 1 0-10 -100 2.311 

CN 2 0-10 -100 3.207 

CN 2 0-10 -100 3.253 

CN 3 0-10 -100 3.182 

CN 3 0-10 -100 3.019 

CN 4 0-10 -100 3.284 

CN 4 0-10 -100 3.304 

CN 5 0-10 -100 2.535 

CN 5 0-10 -100 2.519 

CN 6 0-10 -100 2.797 

CN 6 0-10 -100 2.794 

G 1 0-10 -100 3.322 

G 1 0-10 -100 2.614 

G 2 0-10 -100 2.867 

G 2 0-10 -100 2.956 

G 3 0-10 -100 2.473 

G 3 0-10 -100 3.066 

G 4 0-10 -100 2.806 

G 4 0-10 -100 2.513 

G 5 0-10 -100 2.861 

G 5 0-10 -100 3.082 

G 6 0-10 -100 2.767 

G 6 0-10 -100 3.047 

NN 1  10-20 0 3.667 

NN 1  10-20 0 3.620 

NN 2  10-20 0 4.007 

NN 2  10-20 0 3.473 

NN 3  10-20 0 3.443 

NN 3  10-20 0 3.665 

NN 4  10-20 0 4.028 

NN 4  10-20 0 3.804 

NN 5  10-20 0 3.735 

NN 5  10-20 0 3.879 

NN 6  10-20 0 3.535 

NN 6  10-20 0 3.421 

NC 1  10-20 0 3.736 

NC 1  10-20 0 3.906 

NC 2  10-20 0 3.860 

NC 2  10-20 0 3.337 

NC 3  10-20 0 3.779 

NC 3  10-20 0 3.578 
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NC 4  10-20 0 3.768 

NC 4  10-20 0 4.084 

NC 5  10-20 0 3.698 

NC 5  10-20 0 3.830 

NC 6  10-20 0 3.858 

NC 6  10-20 0 3.489 

CN 1  10-20 0 3.616 

CN 1  10-20 0 3.432 

CN 2  10-20 0 3.652 

CN 2  10-20 0 3.454 

CN 3  10-20 0 3.640 

CN 3  10-20 0 3.496 

CN 4  10-20 0 3.363 

CN 4  10-20 0 3.279 

CN 5  10-20 0 3.555 

CN 5  10-20 0 3.573 

CN 6  10-20 0 3.852 

CN 6  10-20 0 3.258 

G 1  10-20 0 2.994 

G 1  10-20 0 3.399 

G 2  10-20 0 3.528 

G 2  10-20 0 3.579 

G 3  10-20 0 3.558 

G 3  10-20 0 3.608 

G 4  10-20 0 3.975 

G 4  10-20 0 3.796 

G 5  10-20 0 3.350 

G 5  10-20 0 3.415 

G 6  10-20 0 3.600 

G 6  10-20 0 3.542 

NN 1  10-20 -33 3.672 

NN 1  10-20 -33 2.823 

NN 2  10-20 -33 3.343 

NN 2  10-20 -33 3.128 

NN 3  10-20 -33 3.231 

NN 3  10-20 -33 3.472 

NN 4  10-20 -33 2.947 

NN 4  10-20 -33 3.114 

NN 5  10-20 -33 3.324 

NN 5  10-20 -33 3.135 

NN 6  10-20 -33 3.027 

NN 6  10-20 -33 2.890 

NC 1  10-20 -33 3.468 



   

 

150 

 

NC 1  10-20 -33 2.974 

NC 2  10-20 -33 3.316 

NC 2  10-20 -33 3.386 

NC 3  10-20 -33 2.779 

NC 3  10-20 -33 3.035 

NC 4  10-20 -33 3.026 

NC 4  10-20 -33 3.115 

NC 5  10-20 -33 3.382 

NC 5  10-20 -33 2.662 

NC 6  10-20 -33 2.821 

NC 6  10-20 -33 2.6 

CN 1  10-20 -33 2.677 

CN 1  10-20 -33 2.817 

CN 2  10-20 -33 2.959 

CN 2  10-20 -33 2.743 

CN 3  10-20 -33 2.950 

CN 3  10-20 -33 3.420 

CN 4  10-20 -33 3.018 

CN 4  10-20 -33 2.891 

CN 5  10-20 -33 2.901 

CN 5  10-20 -33 2.705 

CN 6  10-20 -33 3.001 

CN 6  10-20 -33 3.002 

G 1  10-20 -33 3.531 

G 1  10-20 -33 3.554 

G 2  10-20 -33 3.432 

G 2  10-20 -33 2.987 

G 3  10-20 -33 3.031 

G 3  10-20 -33 2.943 

G 4  10-20 -33 2.917 

G 4  10-20 -33 3.429 

G 5  10-20 -33 3.500 

G 5  10-20 -33 3.243 

G 6  10-20 -33 3.127 

G 6  10-20 -33 3.147 

NN 1  10-20 -100 3.360 

NN 1  10-20 -100 3.220 

NN 2  10-20 -100 3.462 

NN 2  10-20 -100 2.830 

NN 3  10-20 -100 2.983 

NN 3  10-20 -100 2.668 

NN 4  10-20 -100 2.985 

NN 4  10-20 -100 2.763 
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NN 5  10-20 -100 2.677 

NN 5  10-20 -100 2.433 

NN 6  10-20 -100 2.474 

NN 6  10-20 -100 3.192 

NC 1  10-20 -100 2.576 

NC 1  10-20 -100 2.851 

NC 2  10-20 -100 3.113 

NC 2  10-20 -100 3.284 

NC 3  10-20 -100 3.069 

NC 3  10-20 -100 2.831 

NC 4  10-20 -100 3.080 

NC 4  10-20 -100 3.116 

NC 5  10-20 -100 3.737 

NC 5  10-20 -100 3.413 

NC 6  10-20 -100 2.996 

NC 6  10-20 -100 2.805 

CN 1  10-20 -100 2.989 

CN 1  10-20 -100 3.033 

CN 2  10-20 -100 2.709 

CN 2  10-20 -100 3.188 

CN 3  10-20 -100 3.194 

CN 3  10-20 -100 3.033 

CN 4  10-20 -100 2.904 

CN 4  10-20 -100 3.219 

CN 5  10-20 -100 2.685 

CN 5  10-20 -100 3.134 

CN 6  10-20 -100 2.422 

CN 6  10-20 -100 2.735 

G 1  10-20 -100 3.700 

G 1  10-20 -100 3.288 

G 2  10-20 -100 2.932 

G 2  10-20 -100 3.554 

G 3  10-20 -100 3.161 

G 3  10-20 -100 3.611 

G 4  10-20 -100 3.080 

G 4  10-20 -100 2.812 

G 5  10-20 -100 2.614 

G 5  10-20 -100 3.204 

G 6  10-20 -100 3.014 

G 6  10-20 -100 2.708 

NN 1  20-30 0 3.364 

NN 1  20-30 0 3.637 

NN 2  20-30 0 3.697 
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NN 2  20-30 0 3.115 

NN 3  20-30 0 3.192 

NN 3  20-30 0 4.336 

NN 4  20-30 0 3.672 

NN 4  20-30 0 3.525 

NN 5  20-30 0 3.336 

NN 5  20-30 0 3.343 

NN 6  20-30 0 3.744 

NN 6  20-30 0 3.665 

NC 1  20-30 0 3.807 

NC 1  20-30 0 3.913 

NC 2  20-30 0 3.670 

NC 2  20-30 0 3.557 

NC 3  20-30 0 3.302 

NC 3  20-30 0 3.244 

NC 4  20-30 0 3.678 

NC 4  20-30 0 3.620 

NC 5  20-30 0 3.831 

NC 5  20-30 0 3.599 

NC 6  20-30 0 3.518 

NC 6  20-30 0 3.668 

CN 1  20-30 0 3.189 

CN 1  20-30 0 3.242 

CN 2  20-30 0 3.380 

CN 2  20-30 0 3.462 

CN 3  20-30 0 3.617 

CN 3  20-30 0 3.887 

CN 4  20-30 0 3.693 

CN 4  20-30 0 3.462 

CN 5  20-30 0 3.335 

CN 5  20-30 0 3.325 

CN 6  20-30 0 3.565 

CN 6  20-30 0 3.385 

G 1  20-30 0 3.555 

G 1  20-30 0 3.516 

G 2  20-30 0 3.444 

G 2  20-30 0 3.486 

G 3  20-30 0 3.748 

G 3  20-30 0 3.589 

G 4  20-30 0 3.486 

G 4  20-30 0 3.493 

G 5  20-30 0 3.105 

G 5  20-30 0 2.955 
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G 6  20-30 0 3.214 

G 6  20-30 0 3.091 

NN 1  20-30 -33 3.541 

NN 1  20-30 -33 3.005 

NN 2  20-30 -33 3.041 

NN 2  20-30 -33 3.255 

NN 3  20-30 -33 3.440 

NN 3  20-30 -33 3.380 

NN 4  20-30 -33 3.611 

NN 4  20-30 -33 3.689 

NN 5  20-30 -33 3.035 

NN 5  20-30 -33 3.202 

NN 6  20-30 -33 3.591 

NN 6  20-30 -33 3.368 

NC 1  20-30 -33 3.813 

NC 1  20-30 -33 3.727 

NC 2  20-30 -33 2.962 

NC 2  20-30 -33 3.213 

NC 3  20-30 -33 2.887 

NC 3  20-30 -33 2.88 

NC 4  20-30 -33 3.14 

NC 4  20-30 -33 3.197 

NC 5  20-30 -33 3.081 

NC 5  20-30 -33 3.396 

NC 6  20-30 -33 2.884 

NC 6  20-30 -33 3.119 

CN 1  20-30 -33 3.498 

CN 1  20-30 -33 3.062 

CN 2  20-30 -33 3.039 

CN 2  20-30 -33 3.190 

CN 3  20-30 -33 3.345 

CN 3  20-30 -33 3.875 

CN 4  20-30 -33 2.717 

CN 4  20-30 -33 3.013 

CN 5  20-30 -33 3.057 

CN 5  20-30 -33 2.678 

CN 6  20-30 -33 3.410 

CN 6  20-30 -33 3.250 

G 1  20-30 -33 3.119 

G 1  20-30 -33 3.169 

G 2  20-30 -33 2.924 

G 2  20-30 -33 3.355 

G 3  20-30 -33 3.519 
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G 3  20-30 -33 3.469 

G 4  20-30 -33 3.074 

G 4  20-30 -33 3.109 

G 5  20-30 -33 2.044 

G 5  20-30 -33 2.248 

G 6  20-30 -33 2.887 

G 6  20-30 -33 3.053 

NN 1  20-30 -100 2.536 

NN 1  20-30 -100 3.405 

NN 2  20-30 -100 2.164 

NN 2  20-30 -100 2.069 

NN 3  20-30 -100 3.016 

NN 3  20-30 -100 3.087 

NN 4  20-30 -100 3.414 

NN 4  20-30 -100 3.245 

NN 5  20-30 -100 2.628 

NN 5  20-30 -100 2.483 

NN 6  20-30 -100 2.726 

NN 6  20-30 -100 2.726 

NC 1  20-30 -100 2.759 

NC 1  20-30 -100 2.835 

NC 2  20-30 -100 2.736 

NC 2  20-30 -100 2.654 

NC 3  20-30 -100 2.713 

NC 3  20-30 -100 2.852 

NC 4  20-30 -100 2.506 

NC 4  20-30 -100 2.975 

NC 5  20-30 -100 2.191 

NC 5  20-30 -100 2.981 

NC 6  20-30 -100 2.561 

NC 6  20-30 -100 2.476 

CN 1  20-30 -100 2.788 

CN 1  20-30 -100 2.688 

CN 2  20-30 -100 2.987 

CN 2  20-30 -100 3.212 

CN 3  20-30 -100 3.758 

CN 3  20-30 -100 3.027 

CN 4  20-30 -100 2.763 

CN 4  20-30 -100 2.829 

CN 5  20-30 -100 2.535 

CN 5  20-30 -100 3.034 

CN 6  20-30 -100 2.802 

CN 6  20-30 -100 3.072 
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G 1  20-30 -100 3.199 

G 1  20-30 -100 2.819 

G 2  20-30 -100 3.341 

G 2  20-30 -100 3.849 

G 3  20-30 -100 3.648 

G 3  20-30 -100 3.899 

G 4  20-30 -100 3.443 

G 4  20-30 -100 3.071 

G 5  20-30 -100 2.305 

G 5  20-30 -100 2.155 

G 6  20-30 -100 2.663 

G 6  20-30 -100 2.834 

NN 1  30-40 0 3.861 

NN 1  30-40 0 3.418 

NN 2  30-40 0 4.050 

NN 2  30-40 0 3.564 

NN 3  30-40 0 3.319 

NN 3  30-40 0 3.464 

NN 4  30-40 0 3.660 

NN 4  30-40 0 3.704 

NN 5  30-40 0 3.715 

NN 5  30-40 0 3.778 

NN 6  30-40 0 3.720 

NN 6  30-40 0 3.649 

NC 1  30-40 0 3.746 

NC 1  30-40 0 3.518 

NC 2  30-40 0 3.686 

NC 2  30-40 0 3.539 

NC 3  30-40 0 4.814 

NC 3  30-40 0 3.727 

NC 4  30-40 0 3.427 

NC 4  30-40 0 3.777 

NC 5  30-40 0 3.838 

NC 5  30-40 0 3.602 

NC 6  30-40 0 3.665 

NC 6  30-40 0 3.497 

CN 1  30-40 0 3.444 

CN 1  30-40 0 3.575 

CN 2  30-40 0 3.725 

CN 2  30-40 0 3.389 

CN 3  30-40 0 2.975 

CN 3  30-40 0 3.260 

CN 4  30-40 0 3.019 
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CN 4  30-40 0 3.032 

CN 5  30-40 0 3.372 

CN 5  30-40 0 3.434 

CN 6  30-40 0 3.553 

CN 6  30-40 0 3.148 

G 1  30-40 0 2.590 

G 1  30-40 0 3.317 

G 2  30-40 0 3.899 

G 2  30-40 0 3.577 

G 3  30-40 0 3.989 

G 3  30-40 0 2.335 

G 4  30-40 0 3.747 

G 4  30-40 0 3.548 

G 5  30-40 0 3.029 

G 5  30-40 0 2.914 

G 6  30-40 0 3.258 

G 6  30-40 0 3.394 

NN 1  30-40 -33 3.33 

NN 1  30-40 -33 3.204 

NN 2  30-40 -33 4.025 

NN 2  30-40 -33 4.019 

NN 3  30-40 -33 4.045 

NN 3  30-40 -33 3.198 

NN 4  30-40 -33 3.012 

NN 4  30-40 -33 3.661 

NN 5  30-40 -33 3.928 

NN 5  30-40 -33 3.737 

NN 6  30-40 -33 3.861 

NN 6  30-40 -33 3.540 

NC 1  30-40 -33 2.898 

NC 1  30-40 -33 3.525 

NC 2  30-40 -33 3.397 

NC 2  30-40 -33 3.394 

NC 3  30-40 -33 3.573 

NC 3  30-40 -33 3.214 

NC 4  30-40 -33 2.899 

NC 4  30-40 -33 3.071 

NC 5  30-40 -33 3.33 

NC 5  30-40 -33 2.954 

NC 6  30-40 -33 3.721 

NC 6  30-40 -33 3.677 

CN 1  30-40 -33 2.871 

CN 1  30-40 -33 3.099 
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CN 2  30-40 -33 3.197 

CN 2  30-40 -33 3.274 

CN 3  30-40 -33 3.157 

CN 3  30-40 -33 3.133 

CN 4  30-40 -33 2.943 

CN 4  30-40 -33 2.288 

CN 5  30-40 -33 3.064 

CN 5  30-40 -33 2.373 

CN 6  30-40 -33 3.280 

CN 6  30-40 -33 3.699 

G 1  30-40 -33 1.758 

G 1  30-40 -33 2.402 

G 2  30-40 -33 2.401 

G 2  30-40 -33 3.519 

G 3  30-40 -33 3.030 

G 3  30-40 -33 3.277 

G 4  30-40 -33 3.567 

G 4  30-40 -33 3.673 

G 5  30-40 -33 2.515 

G 5  30-40 -33 2.673 

G 6  30-40 -33 3.040 

G 6  30-40 -33 2.722 

NN 1  30-40 -100 3.180 

NN 1  30-40 -100 3.172 

NN 2  30-40 -100 2.678 

NN 2  30-40 -100 3.166 

NN 3  30-40 -100 2.761 

NN 3  30-40 -100 3.247 

NN 4  30-40 -100 3.117 

NN 4  30-40 -100 2.891 

NN 5  30-40 -100 3.480 

NN 5  30-40 -100 2.972 

NN 6  30-40 -100 3.376 

NN 6  30-40 -100 3.073 

NC 1  30-40 -100 2.752 

NC 1  30-40 -100 3.049 

NC 2  30-40 -100 3.058 

NC 2  30-40 -100 3.146 

NC 3  30-40 -100 3.067 

NC 3  30-40 -100 2.586 

NC 4  30-40 -100 2.393 

NC 4  30-40 -100 2.897 

NC 5  30-40 -100 2.841 
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NC 5  30-40 -100 2.708 

NC 6  30-40 -100 2.817 

NC 6  30-40 -100 3.371 

CN 1  30-40 -100 3.308 

CN 1  30-40 -100 3.121 

CN 2  30-40 -100 3.159 

CN 2  30-40 -100 3.310 

CN 3  30-40 -100 2.878 

CN 3  30-40 -100 2.789 

CN 4  30-40 -100 2.593 

CN 4  30-40 -100 2.560 

CN 5  30-40 -100 2.660 

CN 5  30-40 -100 2.597 

CN 6  30-40 -100 2.212 

CN 6  30-40 -100 3.691 

G 1  30-40 -100 2.128 

G 1  30-40 -100 1.605 

G 2  30-40 -100 3.118 

G 2  30-40 -100 2.525 

G 3  30-40 -100 2.399 

G 3  30-40 -100 2.121 

G 4  30-40 -100 3.618 

G 4  30-40 -100 3.600 

G 5  30-40 -100 3.739 

G 5  30-40 -100 2.261 

G 6  30-40 -100 3.066 

G 6  30-40 -100 2.432 
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A 2.3. Soil thermal diffusivity (α) for no-till cover crop (NC), conventional till no cover 

crop (CN), no-till no cover crop (NN), and grass (G) treatments for 0- to 10-, 10- to 20-, 

20- to 30-, and 30- to 40-cm soil depths at 0, -33, and -100 kPa soil water pressures.  

Treatment Location 
Depth 

(cm) 

Soil 

Water 

Pressure 

(kPa) 

Soil 

Thermal 

Diffusivity 

(mm2 s−1) 

NN 1 0-10 0 0.385 

NN 1 0-10 0 0.340 

NN 2 0-10 0 0.382 

NN 2 0-10 0 0.365 

NN 3 0-10 0 0.339 

NN 3 0-10 0 0.424 

NN 4 0-10 0 0.369 

NN 4 0-10 0 0.336 

NN 5 0-10 0 0.400 

NN 5 0-10 0 0.358 

NN 6 0-10 0 0.370 

NN 6 0-10 0 0.373 

NC 1 0-10 0 0.363 

NC 1 0-10 0 0.387 

NC 2 0-10 0 0.347 

NC 2 0-10 0 0.364 

NC 3 0-10 0 0.346 

NC 3 0-10 0 0.386 

NC 4 0-10 0 0.401 

NC 4 0-10 0 0.404 

NC 5 0-10 0 0.382 

NC 5 0-10 0 0.468 

NC 6 0-10 0 0.377 

NC 6 0-10 0 0.316 

CN 1 0-10 0 0.399 

CN 1 0-10 0 0.399 

CN 2 0-10 0 0.398 

CN 2 0-10 0 0.392 

CN 3 0-10 0 0.377 

CN 3 0-10 0 0.371 

CN 4 0-10 0 0.381 

CN 4 0-10 0 0.378 

CN 5 0-10 0 0.411 

CN 5 0-10 0 0.422 

CN 6 0-10 0 0.411 
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CN 6 0-10 0 0.396 

G 1 0-10 0 0.411 

G 1 0-10 0 0.343 

G 2 0-10 0 0.364 

G 2 0-10 0 0.413 

G 3 0-10 0 0.372 

G 3 0-10 0 0.323 

G 4 0-10 0 0.385 

G 4 0-10 0 0.362 

G 5 0-10 0 0.422 

G 5 0-10 0 0.350 

G 6 0-10 0 0.411 

G 6 0-10 0 0.360 

NN 1 0-10 -33 0.390 

NN 1 0-10 -33 0.403 

NN 2 0-10 -33 0.444 

NN 2 0-10 -33 0.397 

NN 3 0-10 -33 0.442 

NN 3 0-10 -33 0.413 

NN 4 0-10 -33 0.485 

NN 4 0-10 -33 0.423 

NN 5 0-10 -33 0.468 

NN 5 0-10 -33 0.459 

NN 6 0-10 -33 0.447 

NN 6 0-10 -33 0.400 

NC 1 0-10 -33 0.502 

NC 1 0-10 -33 0.472 

NC 2 0-10 -33 0.41 

NC 2 0-10 -33 0.361 

NC 3 0-10 -33 0.448 

NC 3 0-10 -33 0.34 

NC 4 0-10 -33 0.456 

NC 4 0-10 -33 0.382 

NC 5 0-10 -33 0.492 

NC 5 0-10 -33 0.454 

NC 6 0-10 -33 0.453 

NC 6 0-10 -33 0.37 

CN 1 0-10 -33 0.442 

CN 1 0-10 -33 0.490 

CN 2 0-10 -33 0.413 

CN 2 0-10 -33 0.379 

CN 3 0-10 -33 0.495 

CN 3 0-10 -33 0.369 
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CN 4 0-10 -33 0.408 

CN 4 0-10 -33 0.510 

CN 5 0-10 -33 0.521 

CN 5 0-10 -33 0.455 

CN 6 0-10 -33 0.648 

CN 6 0-10 -33 0.557 

G 1 0-10 -33 0.425 

G 1 0-10 -33 0.377 

G 2 0-10 -33 0.394 

G 2 0-10 -33 0.378 

G 3 0-10 -33 0.422 

G 3 0-10 -33 0.353 

G 4 0-10 -33 0.450 

G 4 0-10 -33 0.335 

G 5 0-10 -33 0.414 

G 5 0-10 -33 0.474 

G 6 0-10 -33 0.393 

G 6 0-10 -33 0.424 

NN 1 0-10 -100 0.427 

NN 1 0-10 -100 0.399 

NN 2 0-10 -100 0.426 

NN 2 0-10 -100 0.455 

NN 3 0-10 -100 0.374 

NN 3 0-10 -100 0.392 

NN 4 0-10 -100 0.472 

NN 4 0-10 -100 0.422 

NN 5 0-10 -100 0.377 

NN 5 0-10 -100 0.593 

NN 6 0-10 -100 0.386 

NN 6 0-10 -100 0.419 

NC 1 0-10 -100 0.486 

NC 1 0-10 -100 0.522 

NC 2 0-10 -100 0.351 

NC 2 0-10 -100 0.399 

NC 3 0-10 -100 0.390 

NC 3 0-10 -100 0.391 

NC 4 0-10 -100 0.472 

NC 4 0-10 -100 0.559 

NC 5 0-10 -100 0.561 

NC 5 0-10 -100 0.496 

NC 6 0-10 -100 0.461 

NC 6 0-10 -100 0.471 

CN 1 0-10 -100 0.553 
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CN 1 0-10 -100 0.603 

CN 2 0-10 -100 0.406 

CN 2 0-10 -100 0.452 

CN 3 0-10 -100 0.381 

CN 3 0-10 -100 0.468 

CN 4 0-10 -100 0.385 

CN 4 0-10 -100 0.412 

CN 5 0-10 -100 0.539 

CN 5 0-10 -100 0.487 

CN 6 0-10 -100 0.490 

CN 6 0-10 -100 0.518 

G 1 0-10 -100 0.351 

G 1 0-10 -100 0.456 

G 2 0-10 -100 0.473 

G 2 0-10 -100 0.473 

G 3 0-10 -100 0.540 

G 3 0-10 -100 0.454 

G 4 0-10 -100 0.477 

G 4 0-10 -100 0.621 

G 5 0-10 -100 0.548 

G 5 0-10 -100 0.481 

G 6 0-10 -100 0.466 

G 6 0-10 -100 0.457 

NN 1  10-20 0 0.492 

NN 1  10-20 0 0.486 

NN 2  10-20 0 0.407 

NN 2  10-20 0 0.506 

NN 3  10-20 0 0.471 

NN 3  10-20 0 0.376 

NN 4  10-20 0 0.401 

NN 4  10-20 0 0.391 

NN 5  10-20 0 0.462 

NN 5  10-20 0 0.428 

NN 6  10-20 0 0.470 

NN 6  10-20 0 0.473 

NC 1  10-20 0 0.402 

NC 1  10-20 0 0.391 

NC 2  10-20 0 0.395 

NC 2  10-20 0 0.403 

NC 3  10-20 0 0.403 

NC 3  10-20 0 0.404 

NC 4  10-20 0 0.417 

NC 4  10-20 0 0.358 
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NC 5  10-20 0 0.410 

NC 5  10-20 0 0.439 

NC 6  10-20 0 0.378 

NC 6  10-20 0 0.415 

CN 1  10-20 0 0.459 

CN 1  10-20 0 0.489 

CN 2  10-20 0 0.450 

CN 2  10-20 0 0.449 

CN 3  10-20 0 0.440 

CN 3  10-20 0 0.485 

CN 4  10-20 0 0.505 

CN 4  10-20 0 0.492 

CN 5  10-20 0 0.425 

CN 5  10-20 0 0.456 

CN 6  10-20 0 0.445 

CN 6  10-20 0 0.506 

G 1  10-20 0 0.499 

G 1  10-20 0 0.404 

G 2  10-20 0 0.400 

G 2  10-20 0 0.412 

G 3  10-20 0 0.424 

G 3  10-20 0 0.386 

G 4  10-20 0 0.371 

G 4  10-20 0 0.402 

G 5  10-20 0 0.459 

G 5  10-20 0 0.418 

G 6  10-20 0 0.411 

G 6  10-20 0 0.395 

NN 1  10-20 -33 0.497 

NN 1  10-20 -33 0.616 

NN 2  10-20 -33 0.498 

NN 2  10-20 -33 0.507 

NN 3  10-20 -33 0.486 

NN 3  10-20 -33 0.473 

NN 4  10-20 -33 0.459 

NN 4  10-20 -33 0.492 

NN 5  10-20 -33 0.500 

NN 5  10-20 -33 0.541 

NN 6  10-20 -33 0.511 

NN 6  10-20 -33 0.584 

NC 1  10-20 -33 0.415 

NC 1  10-20 -33 0.405 

NC 2  10-20 -33 0.444 
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NC 2  10-20 -33 0.433 

NC 3  10-20 -33 0.478 

NC 3  10-20 -33 0.514 

NC 4  10-20 -33 0.503 

NC 4  10-20 -33 0.505 

NC 5  10-20 -33 0.461 

NC 5  10-20 -33 0.592 

NC 6  10-20 -33 0.508 

NC 6  10-20 -33 0.618 

CN 1  10-20 -33 0.587 

CN 1  10-20 -33 0.553 

CN 2  10-20 -33 0.587 

CN 2  10-20 -33 0.528 

CN 3  10-20 -33 0.518 

CN 3  10-20 -33 0.464 

CN 4  10-20 -33 0.504 

CN 4  10-20 -33 0.483 

CN 5  10-20 -33 0.558 

CN 5  10-20 -33 0.646 

CN 6  10-20 -33 0.549 

CN 6  10-20 -33 0.532 

G 1  10-20 -33 0.431 

G 1  10-20 -33 0.404 

G 2  10-20 -33 0.417 

G 2  10-20 -33 0.475 

G 3  10-20 -33 0.491 

G 3  10-20 -33 0.480 

G 4  10-20 -33 0.510 

G 4  10-20 -33 0.435 

G 5  10-20 -33 0.423 

G 5  10-20 -33 0.443 

G 6  10-20 -33 0.446 

G 6  10-20 -33 0.399 

NN 1  10-20 -100 0.483 

NN 1  10-20 -100 0.606 

NN 2  10-20 -100 0.483 

NN 2  10-20 -100 0.535 

NN 3  10-20 -100 0.465 

NN 3  10-20 -100 0.495 

NN 4  10-20 -100 0.506 

NN 4  10-20 -100 0.535 

NN 5  10-20 -100 0.613 

NN 5  10-20 -100 0.677 
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NN 6  10-20 -100 0.696 

NN 6  10-20 -100 0.518 

NC 1  10-20 -100 0.564 

NC 1  10-20 -100 0.525 

NC 2  10-20 -100 0.452 

NC 2  10-20 -100 0.446 

NC 3  10-20 -100 0.458 

NC 3  10-20 -100 0.511 

NC 4  10-20 -100 0.480 

NC 4  10-20 -100 0.406 

NC 5  10-20 -100 0.427 

NC 5  10-20 -100 0.413 

NC 6  10-20 -100 0.521 

NC 6  10-20 -100 0.528 

CN 1  10-20 -100 0.530 

CN 1  10-20 -100 0.480 

CN 2  10-20 -100 0.577 

CN 2  10-20 -100 0.545 

CN 3  10-20 -100 0.494 

CN 3  10-20 -100 0.471 

CN 4  10-20 -100 0.507 

CN 4  10-20 -100 0.473 

CN 5  10-20 -100 0.585 

CN 5  10-20 -100 0.504 

CN 6  10-20 -100 0.641 

CN 6  10-20 -100 0.573 

G 1  10-20 -100 0.391 

G 1  10-20 -100 0.431 

G 2  10-20 -100 0.471 

G 2  10-20 -100 0.400 

G 3  10-20 -100 0.435 

G 3  10-20 -100 0.384 

G 4  10-20 -100 0.431 

G 4  10-20 -100 0.446 

G 5  10-20 -100 0.553 

G 5  10-20 -100 0.446 

G 6  10-20 -100 0.440 

G 6  10-20 -100 0.462 

NN 1  20-30 0 0.475 

NN 1  20-30 0 0.432 

NN 2  20-30 0 0.448 

NN 2  20-30 0 0.458 

NN 3  20-30 0 0.538 
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NN 3  20-30 0 0.370 

NN 4  20-30 0 0.413 

NN 4  20-30 0 0.447 

NN 5  20-30 0 0.460 

NN 5  20-30 0 0.408 

NN 6  20-30 0 0.435 

NN 6  20-30 0 0.448 

NC 1  20-30 0 0.426 

NC 1  20-30 0 0.422 

NC 2  20-30 0 0.433 

NC 2  20-30 0 0.424 

NC 3  20-30 0 0.431 

NC 3  20-30 0 0.444 

NC 4  20-30 0 0.458 

NC 4  20-30 0 0.387 

NC 5  20-30 0 0.440 

NC 5  20-30 0 0.433 

NC 6  20-30 0 0.457 

NC 6  20-30 0 0.459 

CN 1  20-30 0 0.451 

CN 1  20-30 0 0.441 

CN 2  20-30 0 0.447 

CN 2  20-30 0 0.472 

CN 3  20-30 0 0.441 

CN 3  20-30 0 0.430 

CN 4  20-30 0 0.424 

CN 4  20-30 0 0.449 

CN 5  20-30 0 0.498 

CN 5  20-30 0 0.501 

CN 6  20-30 0 0.453 

CN 6  20-30 0 0.482 

G 1  20-30 0 0.442 

G 1  20-30 0 0.409 

G 2  20-30 0 0.424 

G 2  20-30 0 0.433 

G 3  20-30 0 0.386 

G 3  20-30 0 0.400 

G 4  20-30 0 0.412 

G 4  20-30 0 0.399 

G 5  20-30 0 0.382 

G 5  20-30 0 0.362 

G 6  20-30 0 0.415 

G 6  20-30 0 0.410 
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NN 1  20-30 -33 0.429 

NN 1  20-30 -33 0.496 

NN 2  20-30 -33 0.487 

NN 2  20-30 -33 0.491 

NN 3  20-30 -33 0.475 

NN 3  20-30 -33 0.474 

NN 4  20-30 -33 0.425 

NN 4  20-30 -33 0.414 

NN 5  20-30 -33 0.448 

NN 5  20-30 -33 0.413 

NN 6  20-30 -33 0.414 

NN 6  20-30 -33 0.416 

NC 1  20-30 -33 0.397 

NC 1  20-30 -33 0.412 

NC 2  20-30 -33 0.478 

NC 2  20-30 -33 0.423 

NC 3  20-30 -33 0.487 

NC 3  20-30 -33 0.465 

NC 4  20-30 -33 0.48 

NC 4  20-30 -33 0.475 

NC 5  20-30 -33 0.517 

NC 5  20-30 -33 0.481 

NC 6  20-30 -33 0.524 

NC 6  20-30 -33 0.504 

CN 1  20-30 -33 0.404 

CN 1  20-30 -33 0.457 

CN 2  20-30 -33 0.518 

CN 2  20-30 -33 0.458 

CN 3  20-30 -33 0.500 

CN 3  20-30 -33 0.431 

CN 4  20-30 -33 0.487 

CN 4  20-30 -33 0.468 

CN 5  20-30 -33 0.527 

CN 5  20-30 -33 0.504 

CN 6  20-30 -33 0.452 

CN 6  20-30 -33 0.511 

G 1  20-30 -33 0.476 

G 1  20-30 -33 0.436 

G 2  20-30 -33 0.511 

G 2  20-30 -33 0.468 

G 3  20-30 -33 0.434 

G 3  20-30 -33 0.403 

G 4  20-30 -33 0.449 
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G 4  20-30 -33 0.428 

G 5  20-30 -33 0.453 

G 5  20-30 -33 0.454 

G 6  20-30 -33 0.464 

G 6  20-30 -33 0.393 

NN 1  20-30 -100 0.577 

NN 1  20-30 -100 0.463 

NN 2  20-30 -100 0.696 

NN 2  20-30 -100 0.631 

NN 3  20-30 -100 0.489 

NN 3  20-30 -100 0.527 

NN 4  20-30 -100 0.448 

NN 4  20-30 -100 0.471 

NN 5  20-30 -100 0.534 

NN 5  20-30 -100 0.479 

NN 6  20-30 -100 0.547 

NN 6  20-30 -100 0.553 

NC 1  20-30 -100 0.549 

NC 1  20-30 -100 0.525 

NC 2  20-30 -100 0.559 

NC 2  20-30 -100 0.529 

NC 3  20-30 -100 0.509 

NC 3  20-30 -100 0.449 

NC 4  20-30 -100 0.578 

NC 4  20-30 -100 0.523 

NC 5  20-30 -100 0.705 

NC 5  20-30 -100 0.541 

NC 6  20-30 -100 0.595 

NC 6  20-30 -100 0.580 

CN 1  20-30 -100 0.492 

CN 1  20-30 -100 0.500 

CN 2  20-30 -100 0.534 

CN 2  20-30 -100 0.495 

CN 3  20-30 -100 0.398 

CN 3  20-30 -100 0.530 

CN 4  20-30 -100 0.492 

CN 4  20-30 -100 0.471 

CN 5  20-30 -100 0.678 

CN 5  20-30 -100 0.520 

CN 6  20-30 -100 0.567 

CN 6  20-30 -100 0.527 

G 1  20-30 -100 0.467 

G 1  20-30 -100 0.459 
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G 2  20-30 -100 0.467 

G 2  20-30 -100 0.404 

G 3  20-30 -100 0.392 

G 3  20-30 -100 0.370 

G 4  20-30 -100 0.451 

G 4  20-30 -100 0.467 

G 5  20-30 -100 0.430 

G 5  20-30 -100 0.418 

G 6  20-30 -100 0.423 

G 6  20-30 -100 0.409 

NN 1  30-40 0 0.412 

NN 1  30-40 0 0.430 

NN 2  30-40 0 0.377 

NN 2  30-40 0 0.438 

NN 3  30-40 0 0.486 

NN 3  30-40 0 0.444 

NN 4  30-40 0 0.426 

NN 4  30-40 0 0.400 

NN 5  30-40 0 0.441 

NN 5  30-40 0 0.413 

NN 6  30-40 0 0.465 

NN 6  30-40 0 0.482 

NC 1  30-40 0 0.443 

NC 1  30-40 0 0.472 

NC 2  30-40 0 0.428 

NC 2  30-40 0 0.469 

NC 3  30-40 0 0.374 

NC 3  30-40 0 0.445 

NC 4  30-40 0 0.444 

NC 4  30-40 0 0.429 

NC 5  30-40 0 0.424 

NC 5  30-40 0 0.485 

NC 6  30-40 0 0.461 

NC 6  30-40 0 0.456 

CN 1  30-40 0 0.501 

CN 1  30-40 0 0.441 

CN 2  30-40 0 0.457 

CN 2  30-40 0 0.495 

CN 3  30-40 0 0.476 

CN 3  30-40 0 0.478 

CN 4  30-40 0 0.444 

CN 4  30-40 0 0.411 

CN 5  30-40 0 0.479 
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CN 5  30-40 0 0.487 

CN 6  30-40 0 0.490 

CN 6  30-40 0 0.444 

G 1  30-40 0 0.332 

G 1  30-40 0 0.401 

G 2  30-40 0 0.395 

G 2  30-40 0 0.402 

G 3  30-40 0 0.365 

G 3  30-40 0 0.386 

G 4  30-40 0 0.417 

G 4  30-40 0 0.447 

G 5  30-40 0 0.400 

G 5  30-40 0 0.409 

G 6  30-40 0 0.399 

G 6  30-40 0 0.397 

NN 1  30-40 -33 0.497 

NN 1  30-40 -33 0.471 

NN 2  30-40 -33 0.384 

NN 2  30-40 -33 0.390 

NN 3  30-40 -33 0.393 

NN 3  30-40 -33 0.507 

NN 4  30-40 -33 0.476 

NN 4  30-40 -33 0.379 

NN 5  30-40 -33 0.412 

NN 5  30-40 -33 0.428 

NN 6  30-40 -33 0.445 

NN 6  30-40 -33 0.491 

NC 1  30-40 -33 0.537 

NC 1  30-40 -33 0.456 

NC 2  30-40 -33 0.485 

NC 2  30-40 -33 0.481 

NC 3  30-40 -33 0.484 

NC 3  30-40 -33 0.528 

NC 4  30-40 -33 0.499 

NC 4  30-40 -33 0.48 

NC 5  30-40 -33 0.453 

NC 5  30-40 -33 0.53 

NC 6  30-40 -33 0.475 

NC 6  30-40 -33 0.41 

CN 1  30-40 -33 0.483 

CN 1  30-40 -33 0.487 

CN 2  30-40 -33 0.485 

CN 2  30-40 -33 0.507 
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CN 3  30-40 -33 0.438 

CN 3  30-40 -33 0.485 

CN 4  30-40 -33 0.427 

CN 4  30-40 -33 0.467 

CN 5  30-40 -33 0.449 

CN 5  30-40 -33 0.509 

CN 6  30-40 -33 0.460 

CN 6  30-40 -33 0.458 

G 1  30-40 -33 0.480 

G 1  30-40 -33 0.403 

G 2  30-40 -33 0.395 

G 2  30-40 -33 0.439 

G 3  30-40 -33 0.451 

G 3  30-40 -33 0.385 

G 4  30-40 -33 0.432 

G 4  30-40 -33 0.406 

G 5  30-40 -33 0.398 

G 5  30-40 -33 0.420 

G 6  30-40 -33 0.397 

G 6  30-40 -33 0.441 

NN 1  30-40 -100 0.493 

NN 1  30-40 -100 0.483 

NN 2  30-40 -100 0.568 

NN 2  30-40 -100 0.493 

NN 3  30-40 -100 0.581 

NN 3  30-40 -100 0.481 

NN 4  30-40 -100 0.484 

NN 4  30-40 -100 0.486 

NN 5  30-40 -100 0.460 

NN 5  30-40 -100 0.545 

NN 6  30-40 -100 0.515 

NN 6  30-40 -100 0.572 

NC 1  30-40 -100 0.545 

NC 1  30-40 -100 0.495 

NC 2  30-40 -100 0.547 

NC 2  30-40 -100 0.493 

NC 3  30-40 -100 0.563 

NC 3  30-40 -100 0.634 

NC 4  30-40 -100 0.534 

NC 4  30-40 -100 0.449 

NC 5  30-40 -100 0.491 

NC 5  30-40 -100 0.531 

NC 6  30-40 -100 0.531 
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NC 6  30-40 -100 0.447 

CN 1  30-40 -100 0.446 

CN 1  30-40 -100 0.465 

CN 2  30-40 -100 0.492 

CN 2  30-40 -100 0.467 

CN 3  30-40 -100 0.430 

CN 3  30-40 -100 0.445 

CN 4  30-40 -100 0.435 

CN 4  30-40 -100 0.404 

CN 5  30-40 -100 0.466 

CN 5  30-40 -100 0.512 

CN 6  30-40 -100 0.470 

CN 6  30-40 -100 0.476 

G 1  30-40 -100 0.366 

G 1  30-40 -100 0.444 

G 2  30-40 -100 0.506 

G 2  30-40 -100 0.373 

G 3  30-40 -100 0.396 

G 3  30-40 -100 0.369 

G 4  30-40 -100 0.433 

G 4  30-40 -100 0.460 

G 5  30-40 -100 0.348 

G 5  30-40 -100 0.408 

G 6  30-40 -100 0.422 

G 6  30-40 -100 0.451 

 


