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ABSTRACT
SOIL ORGANIC CARBON, HYDRO-PHYSICAL PROPERTIES, PORE
STRUCTURE AND GREENHOUSE GAS FLUXES UNDER INTEGRATED
CROP-LIVESTOCK SYSTEM
JASHANJEET KAUR DHALIWAL
2021
Integrated crop-livestock system (ICLS) can improve soil organic carbon (SOC), enhance
soil hydro-physical properties, and mitigate greenhouse gas (GHG) emissions. The
objectives of this study were to: (i) investigate the influence of grazing, cover crop (CC),
and a combination of grazing and CC on labile soil carbon (C) and nitrogen (N) fractions
and soil enzyme activity, (ii) assess the impacts of short-term (3-4 years) and long-term
(>30 years) ICLS on SOC, bulk density, structural quality and water infiltration, (iii)
evaluate soil pore structural properties such as porosity, number of pores, pore size, pore
shape, fractal dimension, anisotropy and tortuosity under contrasting management
systems including ICLS using micro-computed tomography technique, (iv) evaluate the
impacts of CC, short-term grazing of crop residues and CC on soil surface GHG
emissions, and (v) compare temporal variations in measured daily nitrous oxide (N2O)
fluxes, soil moisture and temperature under corn and soybean phases of a corn-soybeanoat rotation with predicted values from the Daycent model. Both short-term and longterm ICLSs consisted of a no-till corn-soybean rotation system using multi-species cover
crops plus livestock grazing of cover crops and corn residue. These ICLSs were
compared to the business-as-usual scenarios of conventional row-crop management

xiii
(CNT, no-till corn-soybean rotation with winter fallow) and long-term grazed pasture
(GP).
Data showed that labile soil C and N fractions were higher under ICLS compared
to the CNT soils only after long-term, but not under short-term management.
Specifically, soils under long-term ICLS had higher hot water extractable organic carbon
(HWC), cold water extractable organic carbon (CWC), microbial biomass carbon (MBC),
microbial biomass nitrogen (MBN), potential carbon mineralization (PCM) and
potassium permanganate oxidizable carbon (POXC) compared to the CNT. Long-term
ICLS also enhanced β-glucosidase activity as compared to the CNT. Soils under GP
always had higher C and N fractions than soils under ICLS and CNT. Soil organic C was
positively correlated to all labile C and N fractions except POXC across all management
systems.
Long-term inclusion of cover crops and livestock in the traditional corn-soybean
rotation improved soil physical and hydrological properties. Soil organic carbon was
higher by 20-26% and bulk density was lower by 18-37% in long-term ICLS than that of
CNT. Long-term ICLS also improved soil water retention, macroporosity, infiltration rate
and total porosity as compared to the CNT. However, these properties were not affected
by short-term ICLS. The GP always had the lower soil bulk density and higher SOC and
infiltration rate as compared to the ICLS and the CNT.
X-ray micro-computed tomography provides a detailed characterization of the soil
porous system at the micrometric scale. The computed tomography-derived porosity was
higher in native pasture (NP) (taken as a reference to compare effects of ICLS and CNT
on soil pores) (12.8%) and ICLS (8.2%) compared to the CNT (4.3%). Fractal dimension

xiv
was higher in NP (2.5) compared to ICLS (2.4) and CNT (2.3), indicating higher
complexity of soil porous structure in NP and ICLS. Soils under CNT had larger values
of degree of anisotropy and tortuosity as compared to the NP and ICLS, indicating the
degradation of aggregate structure. Although total soil porosity was dominated by large
pores (>10 mm3) in all the management systems, the abundance of large pores was
significantly higher in ICLS than the CNT. Triaxial shaped pores occupied a bigger
fraction of porosity and number of pores for all the treatments which can enhance root
penetration and transmission of water and gases through soils.
Integrated crop-livestock system can be an effective strategy to mitigate soil
surface GHG emissions. Grazed pasture increased cumulative soil carbon dioxide (CO2)
fluxes by 34-57% and decreased nitrous oxide (N2O) fluxes by 26-50% as compared to
the CNT management. Cumulative CO2 fluxes were similar among CNT, CC, and
grazing (G) treatments. Cover crops inclusion after oats lowered cumulative N2O fluxes
relative to CNT and G treatments. Cumulative methane (CH4) fluxes were not influenced
by the treatments over the study period. Modeling results showed that Daycent accurately
predicted soil temperature (r = 0.84 for corn and r = 0.77 for soybean), however,
predictions for soil moisture content (r = 0.31 for corn and r = 0.22 for soybean) and N2O
emissions (r = 0.37 for corn and r = 0.05 for soybean) were generally lower than the
measured values during most of the experimental period.
Overall, this study showed that long-term integration of CCs and livestock
grazing of CCs and crop residue under ICLS can be beneficial in enhancing labile soil C
and N fractions and soil physical and hydrological properties. Long-term adoption of
ICLS improves soil pore properties which would enhance soil functional process (i.e.

xv
nutrient cycling, root growth, soil gas fluxes, water storage and availability.) Whether
implementation of ICLS can improve other soil quality parameters and crop yield
requires further investigation. One important short-term outcome was that the use of CCs
and grazed pasture under ICLS decreased soil N2O emissions. Finally, the Daycent model
needs further improvement to narrow the uncertainty range for accurate predictions of
N2O emissions over a wide range of climate, soil, and management systems.

1
CHAPTER 1
INTRODUCTION
Conversion of grassland to cultivated cropland was historically extensive and
continues worldwide today (Rashford et al., 2011; Smart et al., 2020; Stephens et al.,
2008; Wimberly et al., 2017; Wright et al., 2017). A total of 2.3 million ha of grasslands
were converted into croplands due to higher agricultural commodity prices during 2006
to 2015, with a majority of this conversion occurring in the Northern Great Plains
(Wright and Wimberly, 2013). Cropland expansion is further facilitated by improvements
in farming equipment, crop genetics, agrochemical effectiveness, land drainage
technologies, and further boosted by governmental policies that authorize renewable fuel
production (Smart et al., 2020; Wright et al., 2017). However, land use conversions to
crop production has led to reduction in soil organic carbon (SOC), disruption of soil
structure, alteration in the soil–water balance, increased systems emissions of greenhouse
gases (GHGs), and degradation of both water and soil physical quality (Elliott, 1986;
Gerten et al., 2008; Janzen et al., 1998; Strudley et al., 2008). The impairment of these
agroecosystem services can be mitigated by replacing conventional agricultural
management practices with conservation practices such as diversified cropping systems,
no-till, cover crops, and livestock grazing of cover crops and crop residues.
Integrated crop-livestock systems couple crop and livestock production within a
farm or among locally networked farms such that each production system supports the
other (Hilimire, 2011; Kumar et al., 2019). The ICLS has been used extensively around
the world for enhancing soils, crop production and ecosystem services (de Andrade
Bonetti et al., 2019; Ghahramani and Moore, 2016; Peyraud et al., 2014; Sulc and
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Franzluebbers, 2014). This system, when well-managed, has the potential to reduce
production costs, minimize use of fertilizers and agrochemicals, maximize use of
farmlands, improve environmental quality, and increase climatic and economic resilience
of the agricultural sector (Carvalho et al., 2018; Franzluebbers and Stuedemann, 2014;
Wang et al., 2019a). In United States, the ICLS is practiced in many forms depending
upon the region. The most commonly practiced types of ICLS include grazing of cover
crops (CCs) within cash-crop rotations, crop residue grazing, dual-purpose cereal crops
(for forage and grain production), sod-based crop rotations, and agroforestry (Sulc and
Franzluebbers, 2014). Linking crop and livestock together in different forms under ICLS
contributes positively to the economic and environmental outcomes under different US
ecoregions (Russelle et al., 2007; Wang et al., 2019b). The economic benefits of ICLS
include a reduced requirement to purchase outside livestock feed and fertilizers as crops
produced on the farm can be used to feed the livestock and livestock wastes can be
beneficially reused to fertilize crops.
The environmental benefits of ICLS are associated with the building of soil
organic matter (SOM), improvement in soil physical properties, reduction in soil erosion
and improvement in water quality (Sulc and Tracy, 2007). Livestock manure inputs can
improve soil physical quality through the direct addition of organic matter and nutrients
(Franzluebbers et al., 2000) and the stimulation of plant root growth (Wilson et al., 2018).
Integrating winter-hardy cover crops (CC) after short-season crops in existing cropping
systems can provide sufficient growth of forage to support grazing, depending on
location and climate (Sulc and Franzluebbers, 2014). Improvements in SOM content
through CC and grazing can enhance labile C and N pools, soil porosity, aggregation,
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water infiltration and retention, which result in higher water holding capacity and nutrient
supply. High stocking density, however, can increase soil bulk density and topsoil
conditions due to animal trampling (e.g., Liebig et al., 2011; Sulc and Tracy, 2007).
Under well-managed stocking rates, ICLS can increase SOM and enhance pore
connectivity in grazed soils, partially or fully compensating for greater compaction
caused by animal traffic (Franzluebbers et al., 2012). Thus, grazing intensity and the
amount of residue left on soil are important management factors for limiting the adverse
eﬀects of grazing on soils (Sulc and Franzluebbers, 2014).
The impacts of grazing on soil GHG emissions are variable. Some field studies
have found that grazing decreases soil GHG emissions by reducing root biomass, soil
moisture and substrate availability (Chen et al., 2013; Tang et al., 2019; Wu et al., 2010).
Other field studies have found that soil GHG emissions increase because livestock urine
and feces add labile N forms that are susceptible to atmospheric loss through
denitrification processes (Oenema et al., 2008).
Mathematical or simulation models can offer a valuable alternative approach to
direct measurements of soil GHG emissions. These models providing a theoretical
estimation of N2O emissions and how those emissions may change in response to climate,
soil, and crop management. Daycent, a process-based biogeochemical model, simulates
exchange of carbon, nutrients, and trace gases among the atmosphere, soil, and plants. It
can estimate several variables such as soil temperature, moisture, and N2O emissions,
among others (Del Grosso et al., 2001; Parton et al., 1998). It is essential to test and
revise the model to reduce the uncertainty bounds for N2O emissions and more accurately
quantify the impacts of different management practices on emissions.

4
Study Objectives
The aim of this dissertation was to assess the short- and long-term impacts of
ICLS management on soil C and N pools, soil physical and hydrological properties, soil
pore structure through X-ray computed tomography (CT), and soil greenhouse gas fluxes.
Specific objectives were developed for each study as listed below:
Study 1. Labile soil carbon and nitrogen fractions under short and long-term integrated
crop-livestock agroecosystems: The objective of this study was to investigate
the influence of grazing, CC, and a combination of grazing and CC on soil
labile C and N fractions and potential enzyme activity (β-glucosidase) involved
in soil C cycling.
Study 2. Hydro-physical soil properties as influenced by short and long-term integrated
crop-livestock agroecosystems: The objective of this study was to assess the
impacts of short-term (3-4 years) and long-term (>30 years) ICLS on SOC, bulk
density, soil structure, and water infiltration in eastern South Dakota.
Study 3. 3D-visualization and quantification of soil porous structure under three land
uses using X-ray micro computed tomography scanning: The objective of this
study was to evaluate soil pore structural properties at a μm scale under
contrasting soil management systems including ICLS using X-ray μCT.
Study 4. Soil greenhouse gas fluxes under short-term integrated crop-livestock and
pasture systems: The objective was to evaluate the impact of CC, short-term
grazing of crop residues and CC, and pasture grazing on soil GHG emissions.
Study 5. Daycent-predicted nitrous oxide fluxes from corn and soybean phases of a cornsoybean-oat rotation: The objective was to compare temporal variations in
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measured daily N2O fluxes, soil moisture, and soil temperature during corn and
soybean phases with the predicted values from the Daycent model.

All the five studies were written independently in the format of journal manuscripts for
publication purposes. So far, Study 2 is published in Soil Science Society of America
Journal. https://doi.org/10.1002/saj2.20214
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CHAPTER 2
LITERATURE REVIEW
A recent land use change from grasslands to croplands has been occurred in
Northern Great Plains of USA (Wright and Wimberly, 2013). Due to the increased
demand of biofuel feedstocks, the prices of corn and soybean increased which acted as a
driving factor behind these land use conversions in the US corn belt that include the
states of Kansas, Nebraska, Missouri, North Dakota and South Dakota (Claassen, 2011;
Fargione et al., 2009; Rashford et al., 2011; Stephens et al., 2008). This cropland
expansion is further facilitated by improvements in agricultural technologies such as
larger and advance equipments, crop genetics, agrochemicals, land drainage and
governmental policy to authorize renewable fuel production (Smart et al., 2020; Wright et
al., 2017). These conversions have led to reduction in soil organic carbon (SOC),
disruption of soil structure, alteration in soil–water balance, substantial emissions of
carbon dioxide (CO2) and other greenhouse gasses, degraded water quality and decrease
in soil physical quality (Elliott, 1986; Gerten et al., 2008; Janzen et al., 1998; Strudley et
al., 2008). These conversions further aggravate the soil quality degradation by increasing
water runoff and soil erosion (Turner et al., 2017) from agricultural areas, thereby
reducing the agricultural sustainability. Integrated crop-livestock system (ICLS) can be a
viable option to mitigate adverse impacts of grasslands conversion to croplands. The
ICLS has been used extensively around the world for improving soils and crop
production, nutrient cycling, improving biodiversity and increasing resilience of
agricultural operations (de Andrade Bonetti et al., 2019; Ghahramani and Moore, 2016;
Peyraud et al., 2014; Sulc and Franzluebbers, 2014). This literature review chapter is
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focused on addressing the impacts of ICLS on SOC and nitrogen (N) pools, soil physical
and hydrological properties, soil porosity and greenhouse gas (GHG) fluxes.

2.1.

Integrated Crop-Livestock System (ICLS)
Integrated crop-livestock system is the coupling of crops and livestock within a

farm or among farms in a way that products are used to support each other (Hilimire,
2011; Kumar et al., 2019). Integration of crops and livestock in agricultural systems has
been known for improving nutrient cycling efficiency, soil quality and dependence on
renewable natural resources, along with maintaining and improving farm profitability,
and thus enhancing various ecosystem services (Russelle and Franzluebbers, 2007).
Linking crop and livestock together in different forms under ICLS contributes positively
in the economic and environmental outcomes under different ecoregions of USA
(Russelle et al., 2007; Wang et al., 2019). Some of the common benefits of ICLS include
a decrease in costs and risks, enhancement in land and machinery use efficiency,
increased diversity, mitigation of GHG emissions, a reduction in plant diseases and
infestation of weeds and enhanced farm incomes and profitability (de Moraes et al.,
2014). In United States, the ICLS has been practiced in many forms depending upon the
region. Grazing of cover crops (CCs) within cash-crop rotations, sod-based crop
rotations, crop residue grazing, dual-purpose cereal crops (for forage and grain
production), and agroforestry are some of the commonly adopted forms of ICLS (Sulc
and Franzluebbers, 2014). Recent emphasis on conservation agriculture and climatesmart and sustainable agriculture have strengthened the potential role of ICLS to bring
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forth more productive and resilient agricultural systems (Foley et al., 2011; Steenwerth et
al., 2014).

2.2.

Responses of Soil Organic Carbon and Nitrogen Pools to ICLS
Soil microbes play a critical role in soil C decomposition and N mineralization

(Rudrappa et al., 2006; Zhang et al., 2005), therefore, microbial biomass and activities
are closely related to labile organic C and N pools in soil. Labile C and N pools are
considered to be essential components of SOM and more sensitive to environmental
changes than the soil organic carbon (SOC) and total nitrogen (TN) (Yang et al., 2019).
These pools are known for available nutrient stores with very high biological activity
(McLauchlan and Hobbie, 2004), and have been considered as an early indicators of
variations in SOC and TN contents caused by different land use management systems
(Zhang et al., 2018; Sekaran et al., 2020). Labile C and N pools consist of different
fractions, such as hot water extractable organic carbon (HWC), hot water extractable
nitrogen (HWN), cold water extractable organic carbon (CWC), cold water extractable
nitrogen (CWN), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN),
potential carbon mineralization (PCM) and potassium permanganate oxidizable carbon
(POXC), and these fractions can be used to specify soil C and N dynamics. Hence, a
comprehensive understanding of the variations in labile C and N pools due to grazing and
cover crops (CC) have important implications for evaluating SOC and SON pools
dynamics changes under ICLS.
Integration of CC and livestock in the corn-soybean system can build a great
quantity of labile C and N in the soil by enhancing microbial activity, available forms of
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nutrients and readily mineralizable biological substrates (Faissal et al., 2017). Mixed
effects of ICLS on labile C and N pools have been reported in the literature. Tracy and
Zhang (2008) in their 4-yr study found no changes in total soil C and N between ICLS
and continuous corn system. However, they observed that total C increased in ICLS with
time, and remain unchanged in continuous corn. They also reported the highest MBC in
ICLS treatments and the lowest in continuous corn. Groffman et al. (1993) observed that
MBC was four times greater in grazed plots compared with that in ungrazed plots. Mixed
effects of grazing have been observed on MBC, with some studies showing no effect
(Shestak and Busse, 2005) while others observed reductions in MBC with grazing
(Jordan et al., 1999). Sato et al. (2019), in their 24-yr study, reported higher SOC, TN and
MBC contents in native grassland and no-till ICLS as compared to continuous cropping
with conventional tillage. de Sant-Anna et al. (2017) in a comprehensive study on C and
N stocks concluded that ICLS had the largest stocks than the continuous
cropping. Liebig et al. (2020b) examined the effects of ICLS on soil C and N in a
semiarid region, and reported that SOC increased significantly where crop residue was
grazed or not removed by mechanical means. A short-term assessment of grazing and
CCs on soil health in South Dakota demonstrated that SOC and TN in the grazed plots
were lower than the ungrazed plots, however, grazing and CCs had no impact on SOC,
TN, CWC and HWC and MBC (Tobin et al., 2020). Long-term experiments in Wyoming
and North Dakota showed that grazing increased SOC and TN concentrations in the ICLS
(Ganjegunte et al., 2005; Liebig et al., 2012). Ghani et al. (2003) found that HWC and
MBC values were higher in the grazed soils when compared to the cropland and other
land use systems. Sekaran et al. (2021) in their long-term on-farm study in South Dakota
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reported that CC grazing enhanced biologically active C and N fractions such as CWC,
HWC, CWN, HWN, MBC and MBN near the soil surface under no-till. Zhou et al.
(2012) suggested that short-term CCs increase labile C pools in southeastern Australia. A
recent meta-analysis encompassing 60 studies on cover cropping effects on soil microbial
properties reported that CC significantly improved the indicators of soil microbial
abundance, activity, and diversity (included parameters MBC, MBN, enzyme activities,
among others) compared to the bare fallow (Kim et al., 2020).

2.3.

Responses of Soil Physical and Hydrological Properties to ICLS
Integration of CCs and livestock can enhance many soil properties and processes

(e.g. water retention, aggregate stability, SOM, and nutrient cycling) (Franzluebbers et
al., 2012). Improvements in SOM content through CC and grazing can promote soil
porosity, aggregation, water infiltration and retention, which lead to higher water holding
capacity and nutrient supply. Cover crops under ICLS may improve hydro-physical
properties of soils through SOC accumulation via long-term biomass input and increased
root activity in soils (Blanco-Canqui et al., 2015). Additionally, grazing can influence soil
physical and hydrological processes by stimulating plant root growth (Wilson et al.,
2018) and directly adding organic matter via manure (Franzluebbers et al., 2000).
Though, some concerns regarding grazing at high stocking density due to animal
trampling have also been reported by researchers which negatively impact soil
hydrological processes (e.g., Araújo et al., 2010; Sulc and Tracy, 2007). Few studies
(e.g., de Andrade Bonetti et al., 2017; Greenwood and McKenzie, 2001) reported
decreased infiltration under intensive grazing due to compaction caused by grazing
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animals. de Andrade Bonetti et al. (2017) also reported higher bulk density, and lower
total porosity and macroporosity under intensive grazing treatments, however, an increase
in water infiltration rate and macroporosity and reduction in soil bulk density under
moderate grazing. Similarly, higher soil compaction and lower infiltration rate in heavily
grazed field were also reported by Taddese et al. (2002). Liebig et al. (2011) reported that
winter grazing in ICLS did not impact water infiltration rate in central North Dakota.
Moreira et al. (2012) reported no significant differences in bulk density and air-filled
porosity between grazed and ungrazed treatments after 8 years of ICLS. Similary, Araújo
et al. (2010) reported no negative effects of ICLS on soil bulk density, total porosity,
macroporosity, and microporosity, however, they observed higher soil penetration
resistance. No negative effects of long-term moderate grazing on surface or subsurface
soil physical properties reported by Cecagno et al. (2016). Zúñiga et al. (2015) examined
temporal dynamics of physical quality of an Andisol under a grazing system and found
improvement in soil permeability to water and air due to root growth stimulation by
grazing animals which improve the soil structure and porosity. Krümmelbein et al. (2008)
and Collares et al. (2011) observed negative changes in soil flow properties, such
as hydraulic conductivity and air permeability due to soil compaction caused by cattle
trampling in ICLS. Veiga et al. (2012) indicated similar soil physical properties in nongrazed areas with low-intensity grazing systems in ICLS. In long-term study on ICLS,
regeneration of soil physical properties due to intense biological activity is evidenced by
Ambus et al. (2018). Franzluebbers et al. (2012) concluded that well-managed grazing
systems can enhance SOC, pores, and water retention and infiltration rate in Southern
Piedmont USA.
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2.4.

Responses of Soil Porous Structure to ICLS
X-ray computed tomography (CT) is a nondestructive detection technique, which

can be used to quantify soil pore structure and can provide accurate measurement of soil
pores in three-dimensions. High resolution CT scanning provides higher accuracy in the
determination of soil pore-size distribution and arrangement as it can detect smaller
pores, that enable the soil microstructures to be studied effectively (Czachor et al., 2015;
Zhao et al., 2017). X-ray CT scanning technique has been utilized for studying soils since
the 1980s (Petrovic et al., 1982). The three-dimensional (3D) analysis associated with CT
scanning allows the evaluation of a number of soil structural attributes such as
connectivity and tortuosity of pores, fractal dimension, anisotropy, shape of pores,
porosity, number and size distribution of pores, length, surface area and other geometric
characteristics of the pores (Borges et al., 2018; Diel et al., 2019; Ferreira et al., 2019;
Singh et al., 2020a; Singh et al., 2020c). X-ray CT scanning provides crucial insights to
characterize the physical structure of soil pores, which further enables to better
understand key processes (i.e. mass and energy transport, nutrient cycling, root
development) occurring within the soil. Previous research has utilized this technique for
studying soil pore structure under different systems and for different purposes. For
instance, Galdos et al. (2019) utilized X-ray CT to assess the size, shape, and connectivity
of soil pores under zero-tillage and conventional tillage systems. Jarvis et al. (2017)
analyzed pore structure of a silt loam soil using X-ray CT at 65 μm resolution in the
harrowed and ploughed layers and found a strong relationship between the percolating
fraction and the imaged porosity. Pires et al. (2020) used micro-CT to study at voxel
resolution of 35 µm to study the impact of wetting-drying cycles on soil pore structure
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morphological properties, and found an increase in CT-measured soil porosity, volume of
larger pores and pore connectivity with wetting-drying cycles. Using X-ray CT
technique, Yang et al. (2018) accurately determined the number, morphology, and
location of macropores (>1 mm) and smaller pores (0.13-1 mm) and found that the
application of straw mulch and organic manure were highly effective for improving soil
porosity and soil physical structure. Katuwal et al. (2015) found that CT-derived
macroporosity for the limiting section of a soil column was strongly correlated with air
permeability. Zhang et al. (2021) used X-ray CT at pixel resolution of 40 μm and
reported that macro-porosity of the pores (>40 µm) in the unfertilized or inorganically
fertilized treatments had lower macro-porosity and had poor connectivity of pores
(>40 µm), compared to the farmyard manure treatments. Starkloff et al. (2017) quantified
the impact of freezing-thawing cycles on the pore network of a silty clay loam and a
loamy sand soils using X-ray tomography. Researchers have also utilized this technique
to observe plant roots in situ using X-ray CT. For instance, Kuka et al. (2013)
simultaneously visualized and quantified soil structure and root morphology using X-ray
CT. Thus, previous studies suggested that X-ray CT technology can act as a suitable
method for quantifying soil pore structure.
Soil pores are an integral component of the soil matrix and influence important
processes in the soil such as water retention and air exchange and also impact the habitat
of soil biota and plant roots (Greenwood and McKenzie, 2001). The organization of soil
particles and associated pores between particles play a crucial role in determining the
hydraulic properties of soils under different agroecosystems. The morphology and size
distribution of soil pores directly affect the transmission and storage of soil water (e.g.,
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Eynard et al., 2004; Yang et al., 2018). Circular and connected pores e.g. macropores
facilitate preferential flow of air and water through them, those are critical in the
transport of water and dissolved constituents in the unsaturated zone (Jarvis et al., 2007).
Soil pore structure is an important indicator of soil structural quality (Pires et al., 2005) as
it regulates the water permeability and storage in the soil which further influence crop
growth and development. Pore system in the soil is very sensitive to management
practices and can respond differently to diverse management practices such as tillage
(Pires et al., 2019), CCs (Blanco-Canqui and Ruis, 2020), organic amendment
applications (Singh et al., 2021; Yang et al., 2018), residue removal or addition (Chalise
et al., 2019) and livestock grazing (Singh et al., 2020c). Cover crops can improve soil
physical quality, both by increasing SOC and due to the effect of roots and enhanced
biological activity (Behrends Kraemer et al., 2017; Duval et al., 2016). Various studies
have reported generally positive influence of CC on soil porosity, macroporosity, and
pore connectivity and overall soil structure (Basche and DeLonge, 2019; Calonego et al.,
2017).
Livestock grazing can have noticeable influences on soil porosity and other
physical and hydrological properties, for instance, bulk density, aggregate stability, and
hydraulic conductivity, among others, with the nature of the effect depending upon type
of animal and their excretal additions in soil, load bearing capacity of soil, soil moisture
status, vegetation cover, and grazing system (Egan et al., 2018; Taboada et al., 2011).
Under saturated soil conditions, grazing can lead to detrimental effects on soil pore
structure as soils are less resistant to the treading and trampling of animals, that can result
in deep hoof-prints (up to 20 cm) due to pugging (Taboada et al., 2011). Under grazed
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systems, when the pressure exerted by livestock movement is less than the soil precompression stress, soil can resist animal hooves without critical detrimental effects on
soil pores and physical properties (Negrón et al., 2019). Under light stocking density,
soils may recover to its original condition via structural resilience, growth and
decomposition of plants and roots, and soil micro-and-macro faunal activities (Zhang et
al., 2019). However, when the pressure applied by grazing animals on soils is more than
the load bearing capacity of soil, it may disturb soil's ability to recover and lead to soil
structural deterioration and consolidation which negatively impacts soil porosity and
hydrological properties (Dörner et al., 2012). Previous studies indicated that livestock
grazing greatly affect macropore distribution in soil (Lu et al., 2015; Wen et al.,
2016). Physical loading on the soil by grazing livestock can decrease pore size and
function and limit plant growth (Houlbrooke et al., 2011; Sparling et al., 2004). Heavy
grazing can lead to reduction in soil porosity probably due to compaction-induced
collapse of macropores and larger mesopores (Zhang et al., 2019). A change in stocking
density from 10 to 12 dry sheep equivalents per ha led to the reduction in total
macroporosity (Cattle and Southorn, 2010). Increase in grazing intensity negatively
impacts the soil functions by decreasing soil porosity, air permeability, and conductivity
(Drewry and Paton, 2000).
Integrated crop-livestock systems can vary in their responses to soil pore size
distribution and structure depending upon the management considerations. For instance,
Bonetti et al. (2018) examined soil physical properties in an ICLS and reported an
increase in soil macroporosity after the adoption of ICLS. Due to their role in crop
diversification, soil quality improvement, fertilizer use reduction, and higher revenue,
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ICLSs are regarded as conservation management systems and accurate assessment of soil
physical structure and pore morphology under these systems is crucial. Recent studies
have utilized X-ray CT technology to study soil pore system under ICLS (dos Reis et al.,
2021; Hu et al., 2019; Keshta et al., 2020; Singh et al., 2020c). Singh et al. (2020c)
utilized X-ray CT technique to evaluate soil pore arrangement in long-term ICLS and
reported that soils under cropland that included ICLS significantly improved total soil
pores, macropores and pore connectivity compared with the traditional corn-soybean
system. Despite the wide application of X-ray CT technique in studying soil pores under
diverse management scenarios, studies involving the use of high-resolution X-ray CT to
study soil pore system in long-term ICLS are limited.

2.5.

Responses of Soil Surface Greenhouse Gas Emissions to ICLS
Livestock grazing of CC and crop residues after the grain harvest represents one

of the simplest and most economical methods to integrate livestock into cropping
systems. Grazing may reduce GHG emissions from the soil by reducing the amount of
root biomass, soil moisture and substrate availability (Chen et al., 2013; Tang et al.,
2019; Wu et al., 2010). However, grazing may also increase GHG emissions by urine and
fecal deposition (Oenema et al., 2008) and by causing compaction due to livestock
trampling which can create anaerobic conditions for denitrification and methanogenesis.
In the Northern Great Plains of U.S., Abagandura et al. (2019) reported that cumulative
CO2 emissions reduced in grazed cropland in comparison with ungrazed cropland,
however, cumulative nitrous oxide (N2O) and methane (CH4) emissions did not differ
between grazed and ungrazed cropland. Singh et al. (2020b) reported that grazed CC
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recorded similar CO2, N2O and CH4 emissions compared with the ungrazed CC over a
two-year study. Similarly, Liebig et al. (2020a) found that grazing did not affect N2O
emissions in cropland or grassland over a three-year study in Northern Great Plains.
Carvalho et al. (2014) suggested adoption of ICLS is an effective strategy to mitigate
GHG emissions and reported a sink of 0.36 Mg C ha−1 yr−1 under ICLS in Brazilian
Cerrado. Salton et al. (2014) observed lower cumulative N2O flux in ICLS than in
conventional-till and no-till soybean. de Figueiredo et al. (2017) found that introduction
of ICLS can reduce GHG emissions and reported lower C footprint of beef cattle in ICLS
(12.6 kg CO2eq per kg live weight) as compared with degraded pasture (18.5 kg CO2eq
per kg live weight). The ICL system had the highest cumulative N2O fluxes with
2.84 kg N ha−1 followed by integrated crop-livestock-forest system (2.05 kg N ha−1) and
native pasture (–0.05 kg N ha−1) as examined by de Carvalho et al. (2017). Zhong et al.
(2014) in their 5-year study found no effect of grazing on N2O emissions compared to
ungrazed plots. Chen et al. (2013) observed heavy-grazing (>2 sheep ha−1 yr−1) decreased
cumulative CO2 emissions from steppes during the non-growing season. Similarly,
decrease in CO2 emission due to grazing was reported by Tang et al. (2015) during
spring-thaw period in desert steppe. A reduction in N2O emissions by grazing due to
reduction in SOM and soil moisture is reported by Wolf et al. (2010) in arid and semiarid regions. Wang et al. (2013) observed no significant difference in CH4 fluxes between
grazed and ungrazed plots in their study on dynamic changes of CH4 and CO2 emission
from grazing sheep urine and dung patches in typical steppe. Several studies have
reported that grazing can enhance soil GHG fluxes. For instance, Boon et al. (2014)
reported increase in N2O emissions in surface and subsurface soil layers by cattle urine
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due to increase in nitrate content, however, cattle urine addition had little impact on CO2
emissions. Grazing intensity increased the annual cumulative CO2 emissions and
decreased the cumulative N2O emissions as examined by Cardoso et al. (2017). Rafique
et al. (2011) in their study on N2O emission from grazed grassland under different
management systems concluded that frequently grazed sites produced higher N2O
emissions than less frequently grazed sites and restricted grazing can significantly reduce
N2O emissions.

2.6.

Daycent Model for Predicting Soil Water Content and Temperature and
Nitrous Oxide Emissions
Accurate estimation of soil N2O emissions from field measurements are

challenging and require complex sampling protocols that have limited practicability due
to cost, time, and technical constraints (Weiler et al., 2017). Moreover, there is
uncertainty associated with measurement techniques of soil N2O emissions due to high
temporal and spatial variability and episodic nature of soil N2O emissions. Mathematical
or simulation models can offer a valuable alternative approach to direct measurements of
N2O emissions. Daycent is an extended daily version of the biogeochemical CENTURY
soil organic matter model (Parton et al., 1998) created to simulate the biogeochemical
cycles at a point scale (Del Grosso et al., 2001). Daycent includes several submodels that
predict GHG emissions, plant productivity and SOC, soil water and soil temperature
dynamics (Parton et al., 1998). Nitrogen gas fluxes simulated by this model resulting
from nitrification and denitrification are controlled by different soil parameters such as
ammonium, nitrate, and labile C and soil water and temperature (Parton et al., 2001).
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Jarecki et al. (2008) observed that Daycent accurately predicted soil temperature,
however, predicted volumetric water contents and N2O emissions were generally lower
than the measured values. Álvaro-Fuentes et al. (2017) reported that N2O emissions were
simulated within the range of observed data in different land uses in Mediterranean
conditions. Del Grosso et al. (2005) reported annual estimates predicted by Daycent
model underestimated the measured annual N2O emissions by approximately 23% in
their study for a variety of cropping systems in five regions of the United States.
Conversely, Daycent model overestimated N2O emissions about two times for N
treatments and about four times for no N treatments based on measured emissions at the
field scale in northeastern Colorado (Del Grosso et al., 2008). Parton et al. (2001)
reported regression coefficients between 0.02 and 0.19 for measured vs. predicted daily
N2O emissions assessments at five sites in Colorado. Similar findings were observed
when Daycent predictions were compared with N2O flux data from no-till and
conventional-till systems in Nebraska (Del Grosso et al., 2002). Another study found that
predicted N2O emissions from a corn field was not in agreement with measured data and
had correlation coefficient of 0.37 (Jarecki et al., 2008). Regardless of the low
correlation between measured and predicted daily fluxes, these researchers reported a
close match between measured cumulative annual estimates and estimates obtained with
the model.

2.7.

Research Gaps
Studies on impact of CCs and grazing on soil hydro-physical and biological

properties and GHG fluxes under ICLS are limited in Northern Great Plains. Specific
research gaps among the studies are mentioned below as:
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1.

Studies on how labile C and N fractions are influenced by CCs and grazing under

ICLS in short and long-term are limited.
2.

Previous studies have explored the short-term impacts of CCs and grazing on

soil physical and hydrological properties, however, very few studies assessed the on-farm
long-term impacts of CC and grazing on soil physical and hydrological properties.
3.

Despite the wide application of X-ray CT technique in studying soil pores under

diverse management scenarios, studies involving the use of high-resolution X-ray CT to
study soil pore system in long-term ICLS are limited.
4.

Very few studies examined the impact of short-term grazed pasture and crop

residue and CC grazing on GHG fluxes under ICLS.
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CHAPTER 3
LABILE SOIL CARBON AND NITROGEN FRACTIONS UNDER SHORT AND
LONG-TERM INTEGRATED CROP-LIVESTOCK AGROECOSYSTEMS
ABSTRACT
Labile soil carbon (C) and nitrogen (N) are key energy sources for soil microbial
communities, and the cycling of these labile fractions can be influenced by agricultural
management practices. This study was conducted on three long-term on-farm sites (≥30
years) (Sites 1, 2 and 3), and one short-term (3 years) experimental site (Site 4) to
evaluate the impacts of ICLS on soil concentrations of labile C and N fractions and βglucosidase enzyme activity for the 0-5 cm soil depth. At each long-term site,
management systems included an ICLS [corn (Zea mays L.)/grazing-soybean (Glycine
max (L.) Merr.)/grazing-cover crop/grazing)]; a conventional row-crop management
system (CNT; corn-soybean rotation with no cover crop and no grazing), and a grazed
pasture (GP). At the short-term Site 4, the treatments included: ICLS [corn/grazingsoybean/grazing-oat (Avena sativa L.)-cover crop/grazing], CC (corn-soybean-oat-cover
crop with no grazing), CNT (corn-soybean-oat-fallow with no grazing), and GP. Relative
to the CNT treatment, soils under ICLS at Sites 1, 2 and 3 had higher concentrations of
hot water extractable organic carbon (HWC), cold water extractable organic carbon
(CWC), and POXC (potassium permanganate oxidizable carbon). In addition, ICLS soils
also indicated higher microbial biomass carbon (MBC), microbial biomass nitrogen
(MBN), and potential carbon mineralization (PCM) at Sites 1, 2 and 3. Long-term ICLS
also enhanced β-glucosidase activity as compared to the CNT. Soils under long-term
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ICLS had 72, 214 and 60% higher glucosidase activity than the CNT at Sites 1, 2 and 3,
respectively. However, the C and N fractions and β-glucosidase activity were not affected
by short-term ICLS at Site 4. In general, GP always had higher C and N fractions than
ICLS and the CNT at all the four sites. Results also showed a significantly positive
relationship between concentrations of SOC and most labile C and N fractions, except
POXC. This study showed that long-term inclusion of cover crops and livestock grazing
in corn-soybean system was effective in enhancing labile soil C and N fractions.
Keywords: Integrated crop-livestock system, Grazed pasture, Corn-soybean system,
Carbon and nitrogen fractions, β-glucosidase

3.1.

Introduction
Agricultural intensification is one strategy for meeting the major challenge of

future food demand (Tilman et al., 2011). However, the intensification has created
adverse impacts on soils and crop productivity e.g., loss of biodiversity, ecosystem
services, soil erosion, decline in SOM and soil health (Bonini Pires et al., 2020). Land
management practices play a major role in altering soil biological conditions including
structure and functioning of microbial community, status, and availability of soil
nutrients in agroecosystems. Inadequate soil management practices, lack of crop
diversification and long-term cultivation reduce SOM (Kucharik et al., 2001), increase
loss of nutrients (Kemp and Dodds, 2001), alter soil microbial communities (Allison et
al., 2005),and crop yield (Khaledian et al., 2017). These adverse impacts on soil and crop
can be recovered by switching current agricultural practices to conservation management
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practices those involving diversified cropping systems, no tillage, cover-cropping,
livestock grazing etc.
Management practices associated with ICLS can enhance microbial activity and
available forms of soil nutrients (Faissal et al., 2017). Livestock excreta and trampling
play major roles in regulating nutrients in ICLS soils (Makoi and Ndakidemi, 2008; Zhan
et al., 2020). Considerable amount of assimilated plant material is returned to the soil in
the form of excreta by the grazing animals and can enhance soil nutrient cycling and
increase the availability of soil nutrients for plant growth (de Faccio Carvalho et al.,
2010). However, changes in soil organic carbon (SOC) concentrations are generally small
and thus are hard to detect in these management systems. Compared to SOC in bulk soils,
labile soil C fractions are more sensitive to soil management practices, disturbance and
environmental changes (Nielsen et al., 2002) and act as important indicators of changes
in soil quality and management practices (Wang et al., 2008). These labile C fractions
can comprise <20% of the total SOC (Spohn and Giani, 2011) and have higher turnover
rates than SOC (Ghani et al., 2003).
Labile organic C fractions are widely used as a measure of SOC dynamics (Bu et
al., 2011), and can be isolated from the soil using different extractants (e.g. hot-water,
cold water). Another important dynamic soil C fraction is microbial biomass carbon
(MBC), which constitutes 1–4% of SOM (Anderson and Domsch, 1989). This labile C
fraction is the most active component of SOC, playing a vital role in regulating
biogeochemical processes in agroecosystems (Liu et al., 2012). While highly dynamic,
the labile C fraction acts as a small reservoir of nutrients that helps maintain long-term
soil sustainability.
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Grazing can positively influence labile C pools. For instance, Ghani et al. (2003)
reported that the amounts of hot-water extractable organic carbon (HWC) in grazed soils
were consistently higher than in cropland soils, suggesting lower overall nutrient
availability and structural degradation in cropland soils. Liu et al. (2012) found that
higher MBC content in grazed soils indicated higher potential nutrient availability and
enhanced carbon cycling compared to ungrazed soils.
Cover crops (CC) are an integral part of ICLS and can supply high amounts of Crich residues to the soil, altering the quantity and quality of SOM (Eze et al., 2018) and
enhancing soil fertility (Rakkar and Blanco-Canqui, 2018). Cover crops provide readily
available source of food for soil microbes through their dead and living plant roots and
biomass. Similar to soil microbial community activity and composition, soil extracellular
enzyme activities depend upon substrate availability and quality, both of which are
influenced by plant diversity (Mbuthia et al., 2015). Soil enzymes perform a vital role in
the breakdown of complex molecules into simpler forms that are easily assimilated by
plants and microbes and thus regulate biochemical functioning of soils (Makoi and
Ndakidemi, 2008). These enzymes also catalyze SOM transformation and nutrient
cycling (Allison and Vitousek, 2005). Soil enzyme activities have been recognized as soil
quality indicators (Burns et al., 2013) since soil microbes, which also respond quickly to
environmental changes, are the major source of these enzymes (Blank, 2004).
A blend of diverse CC species has the potential to stimulate diverse microbial
communities by providing an array of substrates and modifying habitat conditions (Thapa
et al., 2021). Cover crops provide above- and belowground plant biomass and root
exudates that can promote soil microbial growth and enhance soil quality (Vukicevich et
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al., 2016). A recent meta-analysis encompassing 60 studies on CC effects on soil
microbial properties reported that CC significantly improved soil microbial abundance,
activity, and diversity (included parameters MBC, MBN, enzyme activities, among
others) by 27%, 22%, and 2.5% respectively, compared to the bare fallow (Kim et al.,
2020). Nonetheless, studies on how labile C and N fractions are influenced by CC and
grazing under ICLS in short and long-term are limited in North Central USA. This study
was conducted to investigate the combined effect of CC and livestock grazing on soil
biological properties. We hypothesized that diversifying the traditional corn-soybean
cropping system with CC and grazing of CC and crop residue would positively affect soil
biological properties. Specific objective of the study was to investigate the influence of
grazing, CC, and a combination of grazing and CC on the labile C and N fractions and
enzyme activity.

3.2.

Materials and Methods

3.2.1. Study Site and Treatment Details
The present study was conducted at four locations; three on-farm (Sites 1, 2 and
3) and one experimental site (Site 4), located in South Dakota, USA. The climate of all
the sites is classified as warm humid continental (Köppen climate classification) with
warm and humid summers and cold winters and yearly average rainfall of 710 mm.
Detailed information on sites and treatments is presented in Table 3.1. At Site 1, 2 and 3,
the two management systems were compared i.e., ICLS (corn/grazing-soybean/grazingcover crop/grazing) and control, CNT (corn-soybean), which were managed for more
than 30 years. Each field was about 40 ha in size and the ICLS and CNT treatments were
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located within 50-m distance (just across the fence) to each other. An area under grazed
pasture (GP) was utilized as baseline to assess management induced changes in soil C
and N fractions. This GP area was located 100 to 200 m away from the management
systems. Grazing of corn and soybean residue and CC was conducted every year from
November to March with a group of Aberdeen Angus cattle (Bos taurus) and was based
on forage availability. Pastures were grazed during May to October, and then cattle were
moved to croplands in the fall for grazing of CC and crop residue. Cover crop was blend
of grasses, legumes and brassicas at all long-term on-farm sites and differed slightly from
year to year due to farmers’ preferences at on-farm sites.
The short-term experimental study at Site 4 was initiated in 2016 to investigate
the effect of CC and grazing under the ICLS on soil C and N fractions. The treatments
included: ICLS [corn/grazing-soybean/grazing-oat (Avena sativa L.)-cover crop/grazing],
CC (corn-soybean-oat-cover crop with no grazing), CNT (corn-soybean-oat-fallow with
no grazing) and GP under short-term management. These treatments were laid out in a
randomized block design with four replications with individual plot size of 18 m × 36 m.
The GP treatment at Site 4 was included in the study design and was grazed at the same
time with corn and soybean residues and CC. Grazing of corn and soybean residue, CC
and pasture occurred for 6-10 days every year in November based on the forage
availability. The cover crop blend used in the short-term study was used in all
experimental years and consistent with the long-term on-farm blends.

3.2.2. Soil Sampling and Analysis
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Soil samples were collected in July 2019 from all the four sites. At on-farm sites,
within each treatment, three adjacent pseudoreplicates were established. Pseudoreplicates
in each treatment were selected carefully to ensure all sampling sites have same soil type
and landscape characteristics. Four soil samples were collected from each
pseudoreplicate and replicate of on-farm and experimental sites, respectively, from 0-5
cm depth using a push probe auger. These samples were kept fresh and stored in a
refrigerator at 4°C for pending soil analysis.
Water extractable organic C and N fractions (HWC, HWN, CWC and CWN)
were determined using the procedure given by Ghani et al. (2003). A 3 g air-dried sample
of soil was added into 30 mL of water in polypropylene centrifuge tube and shaken on a
rotatory shaker for 30 min at 40 rpm. After extraction, the suspension was centrifuged at
3000 rpm for 25 min at 4 °C. The supernatant solution was filtered through 0.45 µm
membrane filters and the fraction obtained is cold-water extractable organic carbon
(CWC) and nitrogen (CWN). A 30 mL of water was added to the same centrifuge tube
and shaken vigorously for 10 sec and put into hot-water bath at 80 °C for 12 h. After
extraction, the suspension was centrifuged at 3000 rpm at 25 °C for 25 min and filtered.
The fraction obtained is hot-water extractable organic carbon (HWC) and nitrogen
(HWN). These fractions were determined using the TOC-L analyzer (Shimadzu
Corporation, model-TNM-L-ROHS).
Potassium permanganate oxidizable carbon (POXC) was determined using the
protocol of Culman et al. (2012). Briefly, 2.5 g of air-dried soil was mixed with 18 mL of
deionized water and 2 mL of 0.2 M KMnO4 in a polypropylene centrifuge tube, then
shaken for 2 min on an oscillating shaker. After allowing the tubes to settle for 10 min,
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0.5 mL of the supernatant was transferred into another tube and mixed with 49.5 mL of
deionized water. An aliquot of each sample was loaded into a 96-well plate containing a
set of internal standards, including a blank of deionized water, four standard stock
solutions, a soil standard, and a solution standard. Sample absorbance was measured
using spectrophotometer (Thermo Fisher Scientific Inc., Madison, Wisconsin, USA) at
555 nm. The reduction in absorbance of KMnO4 is proportional to the amount of
oxidizable C in the soil sample.
Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) was
measured by the chloroform-fumigation extraction method (Vance et al., 1987). Two
portions of moist soil (20 g of oven-dry soil equivalent) were weighed, the ﬁrst one (nonfumigated) was immediately extracted with 80 mL of 0.5 M K2SO4 after orbital shaking
for 30 min and then ﬁltered through Whatman No. 42 ﬁlter paper. The second portion
was fumigated for 24 h with ethanol-free CHCl3 and then extracted as described above.
Extractable organic C and N in soil extracts was analysed using the TOC-L analyzer
(Shimadzu Corporation, model-TNM-L-ROHS). The MBC and MBN was estimated as
the difference of K2SO4 extractable C and N between fumigated and unfumigated soils.

𝑀𝐵𝐶/𝑀𝐵𝑁 =

(𝐶 𝑜𝑟 𝑁 𝑖𝑛 𝑓𝑢𝑚𝑖𝑔𝑎𝑡𝑒𝑑 𝑠𝑜𝑖𝑙 − 𝐶 𝑜𝑟 𝑁 𝑖𝑛 𝑢𝑛𝑓𝑢𝑚𝑖𝑔𝑎𝑡𝑒𝑑 𝑠𝑜𝑖𝑙)
𝐾𝑒𝑐

where, Kec = 0.45 is the recovery factor used to convert the extracted C and N to MBC
and MBN, respectively.
Potential carbon mineralization (PCM) was determined using the method
modified by Haney et al. (2004). The PCM was measured by incubating 20 g soil sample
moistened with water at 50% field capacity for 10 days at 21°C. The CO2 evolved was
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absorbed by 4 mL of 0.5 M NaOH kept in a glass vial and suspended tightly inside 1 L
jar containing the soil sample. A 20 mL of water was also kept in the jar to maintain high
humidity. After incubation, the beaker containing NaOH was removed from the jar and
PCM was determined by measuring CO2 absorbed in NaOH, which was back-titrated
with 1.5 M BaCl2 and 0.1 M HCl.
Potential β-glucosidase activity was assayed by the procedure described by Eivazi
and Tabatabai (1988). Briefly, 1 g of soil sample was mixed with 0.2 mL of toluene and
placed in fume hood for 15 minutes. Then soil suspension was incubated with 4 mL of
0.05 M modified universal buffer (MUB, pH 6.0) and 1 mL of 50 mM p-nitrophenyl-βD-glucoside (PNG) for 1 h at 37 °C. After that, incubated suspension was mixed with 1
mL of 0.5M calcium chloride (CaCl2), and 4 mL of 0.1M tris (hydroxyethyl)
aminomethane (THAM) buffer (pH 12) and filtered using a Whatman No.2V folded filter
paper. The yellow color intensity developed was measured spectrophotometrically at 405
nm using a standard curve. Beta-glucosidase enzyme activity was expressed in µg pnitrophenol kg-1 soil.

3.2.3. Statistical Analysis
Data for different C and N fractions and enzyme activity were analyzed by
ANOVA using the GLIMMIX procedure in SAS version 9.4 (SAS, 2016). The
treatments were considered as fixed effects, and replications as random effects. Pearson’s
correlation analysis was conducted using the RStudio (RStudio, Inc., Boston, MA, USA)
to investigate the relationships among various soil properties. Statistical significance was
evaluated at α = 0.05 level for all the analysis in this study.
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3.3.

Results
Data on hot water extractable organic carbon (HWC) and nitrogen (HWN), and

cold water extractable organic carbon (CWC) and nitrogen (CWN) fraction activities for
the 0-5 cm depth for all the sites are shown in Table 3.2. The HWC was significantly
greater in GP and ICLS than the CNT in long-term management system (Site 1, 2 and 3).
The ICLS had 26, 31 and 17% higher HWC than the CNT at site 1, 2 and 3, respectively.
In contrast to HWC, the HWN was not affected by ICLS compared to the CNT, whereas,
GP had significantly higher HWN than ICLS and CNT under long-term management
system (Site 1, 2 and 3). For CWC at site 1, no differences were observed among CNT,
ICLS and GP. At site 2 and 3, the CWC was higher in GP followed by ICLS and CNT
treatments. The ICLS had 50 and 26% higher CWC than the CNT at site 2 and 3,
respectively. The ICLS treatment did not impact CWN at site 1, 2 and 3. At site 4, which
was a short-term management site, GP had significantly higher HWC and CWC than
ICLS and CNT, whereas no differences were observed between ICLS and CNT. The
HWN and CWN were similar among all the treatments at site 4 (P>0.05).
Data on microbial biomass carbon (MBC) and nitrogen (MBN), potential carbon
mineralization (PCM) and potassium permanganate oxidizable C (POXC) for 0-5 cm
depth for all the sites are shown in Table 3.3. Under long-term management system (Site
1, 2 and 3), the MBC and MBN was significantly greater in GP followed by ICLS and
CNT. At site 4, MBC was similar among GP, ICLS and CC and lower in CNT. The ICLS
had higher PCM than CNT at site 1 and 2, but similar to CNT at site 3. At site 4, PCM
followed the trend GP>ICLS>CC>CNT. The POXC was higher in GP and ICLS in
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comparison with CNT and no difference were observed among GP and ICLS at site 1, 2
and 3. At site 4, ICLS and CC had higher PCM than CNT and similar PCM to GP. The
ICLS enhanced glucosidase activity than CNT at site 2, 3 and 4, whereas GP recorded
higher glucosidase activity than ICLS and CNT at all the four sites (Fig. 3.1).

3.4.

Discussion
Labile soil C and N fractions are very sensitive to changes caused by land use

types. Soil concentrations of labile C and N fractions values in this study varied among
the treatments with higher values in GP and ICLS than in the CNT. Higher fractions in
ICLS might be attributed to the larger accumulation of organic residues promoted by
inclusion of CC and deposition of cattle manure. These sources provide readily available
substrate to the microbes and potentially increase the soil faunal activity (Marchão et al.,
2009). Grazing stimulates root and shoot growth as a result of higher nutrient cycling
(Tracy and Zhang, 2008), boosts the production of root exudates (Sato et al., 2019), and
thus promotes soil C and N addition under ICLS. Our study also found a very strong
positive linear relationship of labile C and N fractions with SOC (except POXC) and TN
(Fig. 3.2), which showed strong influence of SOC and TN on labile fractions of C and N.
No correlation of POXC with SOC is surprising and opposite to the results of Jagadamma
et al. (2019) who reported strong correlation between POXC and SOC.
Cattle with their hoof action enhance the physical breakdown and incorporation of
crop residues into the soil and transfer C and nutrients into the soil for plant and
microorganism uptake (Liu et al., 2012) and enhance biological activity in the soil. As an
indigestible material, manure C can remain in soil for longer, being naturally fragmented
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and incorporated into soil with time. Our results are consistent with Franzluebbers and
Stuedemann (2015) and Sekaran et al. (2021) who reported CC grazing enhanced
biologically active C fractions near the soil surface under NT. Other studies also reported
accumulation of soil C under ICLS, when practiced for a long-term (>20 yrs) (Boddey et
al., 2004; Dhaliwal and Kumar, 2020; Nicoloso et al., 2008). Nicoloso et al. (2008)
reported addition of approximately 4.5 Mg ha−1 year−1 of C in an ICLS under no-tillage
conditions. Soil N additions were also affected by grazing management as N returns to
the soil as manure and urine (Haynes and Williams, 1993). On the other hand, greater N
concentration or lower C/N ratio of CC in ICLS probably increased N mineralization in
the soil resulted in greater N fractions in ICLS than CNT.
Lower soil C and N concentrations in traditional corn-soybean system was
probably a result of reduced amount of residue returned to the soil due to absence of
cover crops during winter fallow (after harvesting of annual crops). In contrast, ICLS
management utilized winter cover crops that extended how long living plants and plant
roots were present in soils, contributing to enhanced soil biological/microbial activity.
These results indicate soil quality loss under traditional corn-soybean system, with soil C
and N losses to the atmosphere, intensifying the greenhouse effect. Furthermore, higher
mineralization of soil organic residues during fallow period can also reduce C and N
fractions in the soil due to greater soil temperature and water contents as opposed to
cover cropping (Halvorson et al., 2002). Higher C and N fractions recorded in the GP
compared to ICLS and CNT might be due to less soil disturbance and higher and deeper
root biomass than annual cropping systems (Sainju et al., 2014). Changes in soil
properties such as SOC and TN due to short-term grazing management are less likely to
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occur (Liebig et al., 2010). Similar SOC and TN in CNT, the CC and ICLS (Dhaliwal and
Kumar, 2020) might explain why C and N fractions were not different among these
treatments under short-term management system.
Enzyme activities are widely used as reliable soil quality indicators because they
are closely related to important soil properties such as SOC, and other labile fractions of
C and N. The enzyme activities respond rapidly to changes in land use management. The
β-glucosidase enzyme plays a major role in SOM and plant residues degradation and
thus, provide simple sugars for the microbial population (Stott et al., 2010). Higher βglucosidase activity was found under GP and ICLS than the CNT in this study for both
long-term and short-term sites, likely due to shift in land-use management which caused
change in SOC. The study from the same sites (Dhaliwal and Kumar, 2020) reported
higher SOC in GP and ICLS than CNT under long-term ICLS. Significant positive
correlation between SOC and β-glucosidase found in this study (Fig. 3.2), corroborate our
results. Stott et al. (2010) reported a significant correlation between SOC content and βglucosidase activity in stable systems included native vegetation or pasture, long-term
cover cropping and long-term conservation tillage. Our results are in accordance with
Tobin et al. (2020) who reported increased β-glucosidase activity in cropping sequence
followed by CC than the sequence with no CC.

3.5.

Conclusions
The current study examined the response of integrated crop-livestock system,

grazed pasture and traditional corn-soybean system on labile soil C and N fractions, and
β-glucosidase activity under short and long-term duration in eastern South Dakota. Data
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showed that inclusion of multi-species cover crops and livestock grazing of cover crops
and corn residue under corn-soybean system for long-term was effective in enhancing
labile C and N fractions in the soil. Long-term integrated crop-livestock system increased
HWC, HWN, CWC, MBC, MBN, PCM, POXC and β-glucosidase activity than the
traditional corn-soybean system. However, in general, short-term integrated croplivestock system did not impact labile C and N fractions. Soil organic carbon and
nitrogen was positively and strongly correlated with other C and N fractions (except
POXC). A strong correlation between SOC and other fractions suggests that the labile
fractions of C and N can be considered as an indicator of SOC changes. This study
concludes that cover crop and grazing inclusion under the ICLS in corn-soybean system
can be suggested as a viable conservation approach for enhancing soil C and N fractions,
and the SOC; those can be beneficial in enhancing the soil health.
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Table 3.1. Soils, treatments, and management information for the four sites used in this study.
Details

Management

Site 1
(Salem)

long-term
(≥30 years)

Soil type

Treatments

Davision soil
series (fineloamy, mixed,
superactive,
mesic Aeric
Calciaquolls)

ICLS†: Corn/grazingSoybean/grazing-OatCC/grazing
CNT: Corn-Soybean with no
CC and grazing
GP: grazed pasture

Seed rate

Corn- 79,074 seeds
ha-1
Soybean- 284,171
seeds ha-1
Oat- 2,471,052 seeds
ha-1
CC- 27 kg ha-1
Site 2
long-term
Poinsett-Forman
ICLS: Corn/grazingCorn- 75,000 seeds
(Bristol 1)
(≥30 years)
complex (fineSoybean/grazing-CC/grazing ha-1
silty, mixed,
CNT: Corn-Soybean with no Soybean- 475,000
superactive, frigid CC and grazing
seeds ha-1
Calcic
CC- 42500 seeds ha-1
Hapludolls)
GP: grazed pasture
Site 3
long-term
Forman-Aastad
ICLS: Corn/grazingCorn- 81,250 seeds
(Bristol 2)
(≥30 years)
loams (fineSoybean/grazingha-1
loamy, mixed,
CC/grazing
Soybean- 445,000
frigid Udic
CNT: Corn-Soybean with no seeds ha-1
Argiborolls)
CC and grazing
CC- 23 kg ha-1
GP: grazed pasture
Site 4
short-term
Eagan-Trent
ICLS: Corn/grazingCorn- 80,000 seeds
(Beresford) (3 years)
(fine-silty, mixed, Soybean/grazing-Oatha-1
superactive,
CC/grazing
Soybean- 350,000
mesic Pachic
CNT: Corn-Soybean-Oatsseeds ha-1
Haplustolls)
fallow with no grazing
CC: Corn-Soybean-Oat
followed by cover crops
GP: grazed pasture
†
ICLS: integrated crop-livestock system; CC: cover crop; CNT: control

Fertilizer rate
Corn- 177 kg N
ha-1
Oat- 67 kg N ha-1

Corn- 180-190 kg
N ha-1

Corn- 180-190 kg
N ha-1

Corn- 179 kg N
ha-1
Oat- 83 kg N ha-1
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Table 3.2. Hot water extractable organic carbon (HWC) and nitrogen (HWN), and cold
water extractable organic carbon (CWC) and nitrogen (CWN) fractions for 0-5 cm depth
as influenced by treatments at long term (site 1, 2 and 3) and short term (site 4) sites.
HWC
Treatment

HWN
CWC
-1
mg g soil

CWN

Site 1
CNT
ICLS
GP

0.77c†
0.97b
1.33a

0.07b
0.09b
0.16a

0.13a
0.15a
0.15a

0.04a
0.03a
0.04a

0.12c
0.18b
0.28a

0.03b
0.03b
0.08a

0.14c
0.18b
0.24a

0.05a
0.06a
0.06a

Site 2
CNT
ICLS
GP

0.78c
1.02b
2.05a

0.08b
0.11b
0.27a
Site 3

CNT
ICLS
GP

0.90b
1.05b
1.82a

0.09b
0.11b
0.23a
Site 4

CNT
0.54b
0.05a
0.14b
0.05a
CC
0.59ab
0.06a
0.13b
0.04a
ICLS
0.57ab
0.06a
0.14b
0.04a
GP
0.67a
0.06a
0.17a
0.03a
†
Mean values within the same column followed by different small letters are
significantly different at P<0.05 within the treatments for each site. ICLS: integrated
crop-livestock system; CC: cover crop; CNT: control; GP: grazed pasture.
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Table 3.3. Microbial biomass carbon (MBC) and nitrogen (MBN), potential carbon
mineralization (PCM) and potassium permanganate oxidizable C (POXC)for 0-5 cm
depth as influenced by treatments at long term (site 1, 2 and 3) and short term (site 4)
sites.
Treatment

MBC

MBN
µg g

-1

PCM
µg C g-1 soil h-1

POXC
mg kg-1

Site 1
CNT
ICLS
GP

912c†
1991b
3624a

56.3c
171b
267a
Site 2

1.39b
2.50a
2.70a

1001b
1164a
1206a

CNT
ICLS
GP

1643c
2005b
4158a

112c
180b
290a
Site 3

1.30b
2.25a
2.36a

926b
1109a
1072a

CNT
ICLS
GP

888c
2508b
3976a

74.0c
209b
296a
Site 4

1.99b
2.05b
2.89a

919b
1079a
1232a

CNT
1091b
41.6d
1.36b
1223b
2446a
136c
1.68ab
1297a
CC
2560a
178b
1.99a
1313a
ICLS
2633a
246a
1.99a
1255ab
GP
†
Mean values within the same column followed by different small letters are
significantly different at P<0.05 within the treatments for each site. ICLS:
integrated crop-livestock system; CC: cover crop; CNT: control; GP: grazed
pasture.

51

Fig. 3.1. β-glucosidase activity as influenced by integrated crop-livestock system
(ICLS), cover crop (CC), control (CNT) and grazed pasture (GP) for the 0-5 cm depth
at long term (site 1, 2 and 3) and short term (site 4) sites. The different lowercase
letters above the column bars for each site indicate significant differences at P<0.05.
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Fig. 3.2. Pearson’s correlation analysis of soil biological parameters as influenced by
integrated crop-livestock system, corn-soybean and grazed pasture systems for the 0- to
5-cm depth. The color and size of the circles denote the magnitude and direction of the
relationship. The sign “X” indicates no significant correlation. SOC: soil organic carbon;
TN: total nitrogen; CWC: cold water extractable carbon; CWN: cold water extractable
nitrogen; HWC: hot water extractable carbon; HWN: hot water extractable nitrogen;
MBC: microbial biomass carbon; MBN; microbial biomass nitrogen; PCM: potential
carbon mineralization; POXC: potassium permanganate oxidizable carbon.

53
CHAPTER 4
HYDRO-PHYSICAL SOIL PROPERTIES AS INFLUENCED BY SHORT AND
LONG-TERM INTEGRATED CROP-LIVESTOCK AGROECOSYSTEMS
ABSTRACT
Integration of cover crops and livestock (ICLS) in the existing corn (Zea mays
L.)-soybean (Glycine max (L.) Merr.) cropping system can be an effective strategy to
improve soil physical and hydrological properties. Three on-farm long-term (>30 years)
(sites 1, 2 and 3), and one short-term (3 years) experimental site (site 4) with randomized
block design in eastern South Dakota were selected to evaluate the impacts of ICLS on
soil physical and hydrological properties. At site 1, 2 and 3, long-term management
systems were compared i.e. ICLS (corn/grazing-soybean/grazing-cover crop/grazing),
control (CNT, corn-soybean with no cover crop and no grazing), and a grazed pasture
(GP). At site 4, the treatments included: ICLS [corn/grazing-soybean/grazing-oat (Avena
sativa L.)-cover crop/grazing], CC (corn-soybean-oat-cover crop with no grazing), CNT
(corn-soybean-oat with no cover crop and no grazing) and GP. Data showed that soil
organic carbon (SOC) was higher by 20-26% and bulk density was lower by 18-37% in
long-term ICLS than that of CNT. Long-term ICLS also improved soil water retention,
macroporosity, infiltration rate and total porosity as compared to the CNT. However,
these properties were not affected by short-term ICLS at Site 4. Under long-term
management, GP resulted in lower soil bulk density, higher SOC, and faster infiltration
rate compared to the ICLS and the CNT; no differences were found at short-term Site 4.
This study showed that long-term integration of cover crops and livestock grazing under
ICLS can be beneficial in enhancing soil physical and hydrological properties. However,
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whether such integration improves other soil quality parameters and crop yield requires
further investigation.
4.1.

Introduction
In Midwestern United States, the traditional corn (Zea mays L.)-soybean (Glycine

max (L.) Merr.) cropping system accounts for 70% of the planted acreage. The recent
conversion of grassland to conventionally managed cropland (e.g. corn-soybean) in this
region has adverse impacts on soils and crop productivity (Clay et al., 2014; Mulik, 2017;
Wright and Wimberly, 2013). Studies showed a reduction in soil organic carbon (SOC),
disruption of soil structure, reduction in hydraulic conductivity, water holding capacity
and a general decrease in soil physical quality due to this conversion (Bodhinayake and
Cheng Si, 2004; Gerten et al., 2008; Hebb et al., 2017; Strudley et al., 2008). As a result
of these negative impacts, there has been a greater emphasis on adopting and promoting
conservation management practices (i.e. no-till, diversifying rotations, cover cropping,
integrating livestock into cropping systems) to improve long-term sustainability.
Integrated crop-livestock system (ICLS) is the coupling of crops and livestock
within a farm or among farms in a way that products are used to support each other
(Hilimire, 2011; Kumar et al., 2019). The ICLS has been used extensively around the
world for enhancing soils, crop production and ecosystem services (de Andrade Bonetti
et al., 2019; Ghahramani and Moore, 2016; Peyraud et al., 2014; Sulc and Franzluebbers,
2014). In United States, the ICLS is practiced in many forms depending upon the region.
The most commonly practiced types of ICLS include grazing of cover crops (CC) within
cash-crop rotations, crop residue grazing, dual-purpose cereal crops (for forage and grain
production), sod-based crop rotations, and agroforestry (Sulc and Franzluebbers, 2014).
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Recent emphasis on conservation agriculture and climate-smart and sustainable
agriculture has strengthened the potential role of ICLS to bring forth more productive and
resilient agricultural systems (Foley et al., 2011; Steenwerth et al., 2014). Integration of
crops and livestock in agricultural systems has been known for improving nutrient
cycling efficiency, soil quality and dependence on renewable natural resources, along
with maintaining and improving farm profitability, and thus enhancing various ecosystem
services (Russelle and Franzluebbers, 2007).
The inclusion of livestock in the agricultural system has potential to improve soil
physical quality through direct addition of organic matter via manure (Franzluebbers et
al., 2000) and stimulation of plant root growth (Wilson et al., 2018). However, some
potential drawbacks of ICLS include soil compaction, reduced crop production and
interference with new crop growth (if crops or crop residues are not adequately grazed
during fall or winter), and poor distribution of nutrients from livestock excreta and urine,
thus causing uneven plant growth (Sanderson et al., 2013).
Integration of CC and livestock in the corn-soybean rotation can enhance soil
organic carbon, pores, water retention and infiltration rate (Franzluebbers et al., 2012).
Winter-hardy CC after short-season crops can be integrated into existing cropping system
which provide sufficient growth of forage to support grazing, depending on location and
rainfall (Sulc and Franzluebbers, 2014). Cover crops are introduced into traditional
cropping systems for their ability to provide environmental and economic benefits by
enhancing soil fertility, suppressing weed growth, and reducing nutrient losses (BlancoCanqui et al., 2015). Improvements in SOM content through CC and grazing can enhance
soil porosity, aggregation, water infiltration and retention, which result in higher water
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holding capacity and nutrient supply. Though, some concerns pertaining to grazing at
high stocking density have also been reported by some researchers where animal
trampling increased soil bulk density and aﬀected top soil conditions (Liebig et al., 2011;
Sulc and Tracy, 2007). Thus, grazing intensity and the amount of residue left on soil are
important management factors for limiting the adverse eﬀects of grazing on soils (Sulc
and Franzluebbers, 2014).
The efficacy of well-managed ICLS on soil physical quality is not well explored
as changes in soil physical properties in response to these systems might occur slowly
and may require decadal time scale to change (Liebig et al., 2012). Thus, we
hypothesized that inclusion of cover crops and livestock grazing of cover crops and row
crops residue add SOM, and hence can enhance the physical and hydrological properties.
Grazing of CC and crop residue, a commonly practiced method of integrating cover crops
and livestock (cattle, sheep, goats) into grain crop rotations in Northern Great Plains is
focus of this study. Specific objective of this study was to assess the impacts of shortterm (3-4 years) and long-term (>30 years) ICLS on soil organic carbon, bulk density,
structural quality and water infiltration in eastern South Dakota.

4.2.

Materials and Methods

4.2.1. Study Site and Treatment Details
The present study was conducted at four locations: three long-term on-farm sites
(site 1, 2 and 3) and one short-term experimental site (site 4). The climate of all the sites
is classified as warm humid continental (Köppen climate classification) with yearly
average rainfall of 710 mm. Detailed site and treatment information is presented in Table
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4.1. At site 1, 2 and 3, the two long-term management systems were compared i.e. ICLS
(corn/grazing-soybean/grazing-cover crop/grazing) and control, CNT (corn-soybean).
Each field was about 40 ha in size and the ICLS and CNT treatments were located within
50-m distance (just across the fence) to each other. An area under grazed pasture (GP)
was utilized as baseline to assess management induced changes in soil properties, which
was located 100 to 200 m away from the study sites. At site 1, corn was planted at the
rate of 79,074 seeds ha-1 and received 168 kg N ha-1, 73 kg P ha-1, 56 kg K ha-1 ; soybean
was planted at the rate of 284,171 seeds ha-1 and received 73 kg P ha-1 and 67 kg K ha-1 ;
oat was planted at the rate of 2,471,052 seeds ha-1 and received 67 kg N ha-1, 56 kg P ha1

, 56 kg K ha-1. The cover crop mixture was planted at the seed rate of 27 kg ha-1. At site

2, corn was planted at the rate of 75,000 seeds ha-1; soybean was planted at the rate of
475,000 seeds ha-1 and received 56 kg MAP ha-1. The cover crop mixture was planted at
the seed rate of 42500 seeds ha-1. At site 3, corn and soybean crops were planted at the
rate of 81,250 seeds ha-1 and 445,000 seeds ha-1, respectively and received 223 kg MAP
ha-1 and 125 kg K ha-1. The cover crop mixture was planted at the seed rate of 23 kg ha-1.
All the fertilizers were applied in spring season. Grazing of corn and soybean residue and
CC was done every year from November to March with a group of Aberdeen Angus
cattle (Bos taurus) and was based on forage availability. Pastures were grazed during
May to October, and then cattle were moved to croplands in the fall for grazing of CC
and crop residue. At site 4, which was an experimental study site, the treatments
included: ICLS (corn/grazing-soybean/grazing-oat-cover crop/grazing), CC (cornsoybean-oat-cover crop) and CNT (corn-soybean) under short-term management. These
treatments were laid out in a randomized block design with four replications with
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individual plot size of 18 m × 36 m. At this site, corn was planted at the rate of 80,000
seeds ha-1 and received 118 kg N ha-1 in June; soybean was planted at the rate of 350,000
seeds ha-1; oat was planted at the rate of 90 kg ha-1 and received 74 kg N ha-1 in May. The
cover crop mixture was planted at the seed rate of 17 kg ha-1. An area under grazed GP at
site 4 was included in the study design, and was grazed at the same time with corn and
soybean residues and CC. Grazing of corn and soybean residue, CC and pasture occurred
for 6-10 days every year in November based on the forage availability. All the four sites
were managed with no tillage, except CNT at site 1, in which spring tillage was done
with John Deere field cultivator (Deere and Co., Illinois, USA) to incorporate spring
applied fertilizer. Cover crop was blend of grasses, legumes and brassicas at all the four
sites.

4.2.2. Soil Sampling and Analysis
Soil sampling was conducted during summer of 2019 at all four sites. At on-farm
sites, three adjacent pseudoreplicates were established within each treatment. Selection of
pseudoreplicates in each treatment was done carefully to ensure all sampling sites have
same soil type and landscape characteristics. Four soil samples were collected from each
pseudoreplicate and replicate of on-farm and experimental sites, respectively, from 0-5
cm depth using a push probe auger. Soil samples were then composited and air-dried at
room temperature and ground to pass through a 0.5 mm sieve for determination of SOC
and TN. All visible residues were removed prior to grinding. The SOC and TN contents
were determined by dry combustion method using a TruSpec carbon/hydrogen/nitrogen
analyzer (LECO Corporation, St. Joseph, MI, USA). As inorganic carbon in samples was

59
below detection limits, total C was considered to be SOC in this study (Stetson et al.,
2012).
The four intact soil core samples were also extracted at the 0-5 cm depth using
cylindrical steel cores (5 cm high and 5 cm internal diameter) for determining soil water
retention (SWR). The cheesecloth was fixed at the bottom of each soil core. These cores
were saturated by capillary rise for 24 h and subsequently drained to eight soil matric
potentials (Ψm) that included: 0, −0.4, −1.0, −2.5, −5.0, −10.0, −20.0, and −30.0 kPa
using a combination of tension table and pressure plate extractors (Soil moisture
Equipment Corp.) (Klute and Dirksen, 1986). At each Ψm, soil water content (g g-1) was
determined gravimetrically by oven‐drying soil samples at 105°C for 48 hr, and this moisture
content was converted to volumetric water content (m3 m-3) by multiplying with ρb and dividing
with density of water. Pore size distribution were calculated using measured SWR data.
Four classes of pore sizes were determined (Anderson et al., 1990) i.e. macropores
(>1,000 μm equivalent cylindrical diameter, ecd), coarse mesopores (60–1,000 μm ecd),
fine mesopores (10–60 μm ecd), and micropores (<10 μm ecd).
After SWR measurements, soil bulk density (ρb) was calculated using core
method by dividing oven‐dry soil (105℃ for at least 48 h) weight with the volume of soil
core (Grossman and Reinsch, 2002). Soil penetration resistance (SPR) was measured for
0–5 cm depths for each treatment using an Eijkelkamp‐type hand penetrometer (Herrick
and Jones, 2002). Since soil penetration is highly dependent on water content, therefore,
soil samples were also taken to determine the moisture content along with SPR readings.
Infiltration rate (qs) was measured in field using a single ring infiltrometer of 25.4
cm diameter and 20 cm height (Reynolds et al., 2002). Prior to infiltration measurements,
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antecedent water content was measured using gravimetric method from each treatment.
Infiltration measurements were recorded until a steady state infiltration rate was
achieved. The rate of recession of the water level was calculated as the infiltration rate of
soil. Green and Ampt (1911) and Parlange et al. (1982) infiltration models were used to
fit the measured infiltration data. Philip (1957) modified the Green and Ampt model for
time (t) versus cumulative infiltration (I), as follows:
2𝐼𝐾
[𝑆 2 In (1 + 2 𝑠 )]
𝐼
𝑆
𝑡=
–
𝐾𝑠
2𝐾𝑠2
The physically based Parlange model for t versus I is as follows:
2𝐼𝐾
𝑆 2 [1 – 𝑒𝑥𝑝(– 2 𝑠 )]
𝐼
𝑆
𝑡=
–
2
𝐾𝑠
2𝐾𝑠
where, t is time (h), I is cumulative infiltration (mm), S is sorptivity (mm h−0.5), and Ks is
saturated hydraulic conductivity (mm h−1). The S and Ks parameters based on cumulative
infiltration were estimated using procedures suggested by Clothier and Scotter (2002).
The initial S parameter was estimated from initial infiltration depth divided by the
(time)−0.5, and the initial Ks value was final infiltration rate (mm h−1). The initial
infiltration rate strongly depends upon the antecedent soil water content. Therefore, the
sorptivity (S) parameter, which is highly related to initial infiltration rate, is dependent on
antecedent soil water content. Both parameters (S and Ks) can be estimated to describe
infiltration data. Green–Ampt and Parlange models are generally used to assess the
consistency in estimated physical parameters S and Ks. Fitted parameters serve as an
appropriate, compressed description of data and can be used for the predictive purposes
(Hopmans et al., 1997).
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4.2.3. Statistical Analysis
The management impacts on different soil parameters were analyzed by ANOVA
using the GLIMMIX procedure in SAS version 9.4 (SAS, 2016). The treatments were
considered as fixed effects, and replications were considered as random effects. Data
were transformed when necessary using SAS (2016). The transformation was determined
using the Box-Cox method using SAS (2016). Pearson’s correlation analysis was
conducted using the RStudio (RStudio, Inc., Boston, MA, USA) to investigate the
relationships among various soil physical and hydrological properties. Significance was
determined at α = 0.05 level for all statistical analysis in this study.

4.3.

Results and Discussion

4.3.1. Soil Organic Carbon and Total Nitrogen
Data on soil organic carbon (SOC) and total nitrogen (TN) under different
treatments for all the sites are shown in Fig. 4.1 and 4.2. The SOC was significantly
greater in GP and ICLS than the CNT in long-term management system (Site 1, 2 and 3).
The ICLS had 22, 20 and 26% higher SOC than the CNT at site 1, 2 and 3, respectively.
In contrast to SOC, the TN was not affected by ICLS when comapred to the CNT, except
at site 3. The ICLS at site 3 had 18% higher TN than the CNT. Total nitrogen was
signficantly higher in GP than ICLS and CNT under long-term management system (Site
1, 2 and 3). However, at site 4, there were no differences observed in SOC and TN
among ICLS, CC and CNT (P>0.05) under short-term management system. Grazed
pasture had significantly higher SOC than the CNT at site 4.
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Long-term grazing and cover crops under ICLS increased the SOC and TN
concentrations due to enhanced turnover of plant material and animal excreta under
moist-warm climates (Abdalla et al., 2018). Our results are consistent with Wilson et al.
(2018), who reported that SOC was higher in grazed plots which was attributed to
stimulation of root production through grazing that enhanced belowground carbon
allocation. Moreover, additional carbon (C) inputs added by CC through shoot and root
biomass, and root exudates may contribute to total soil organic pool (White et al., 2020).
Contrary to the current study, some studies reported decrease in aboveground plant
biomass with grazing that could reduce SOC content (Lu et al., 2017; Zhou et al., 2017).
Grazing can impact SOC and TN accumulation simultaneously by various pathways such
as net primary production, SOM decomposition, SOM dynamics and thus respond
differently to the SOC and TN accumulation (Piñeiro et al., 2010). Changes in soil
properties such as SOC and TN induced by grazing management are less likely to occur
in a short time period (Liebig et al., 2010), which could be the reason behind similar SOC
and TN contents in ICLS and CNT at site 4 (short-term study).

4.3.2. Soil Bulk Density and Penetration Resistance
Data on soil bulk density (ρb) and penetration resistance (SPR) under different
treatments for all the sites are shown in Table 4.2. Under long-term management systems
(site 1, 2 and 3), soil ρb was significantly different among GP, ICLS and CNT, and
followed the trend GP< ICLS< CNT. The ρb was 18, 37 and 35% lower for ICLS than the
CNT at sites 1, 2 and 3, respectively. Similar to ρb, the SPR was also significantly
different among GP, ICLS and CNT at site 1, 2 and 3. The SPR was 34, 24 and 30%
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lower for ICLS than CNT at sites 1, 2 and 3, respectively. However, at site 4, no
differences were observed in the ρb and SPR among the treatments.
Reduction in ρb and SPR under long-term ICLS could be due to mixing of crop
residues into the soil by animal trampling (Naeth et al., 1991) and root growth stimulation
by grazing (Wilson et al., 2018). These mechanisms help the soil to improve its structural
stability via microbial activity and decomposition of roots and residues. These results
were contrary to the expected increase in ρb and SPR with cattle traffic. Although
livestock grazing can increase soil compaction through traffic and trampling, direct
addition of animal excreta during grazing may reduce soil compactibility (Rakkar and
Blanco-Canqui, 2018), thus offsetting adverse effect of grazing on soil physical quality.
In addition, CC under ICLS can favor SOC accumulation through long-term biomass
input and increased root activity in soils (Blanco-Canqui et al., 2015), which may reduce
soil compaction under ICLS compared to the CNT. This was supported by significant
negative correlation between SOC and ρb (r = -0.90; P<0.05) observed in this study
(Table 4.5). Thus, long-term ICLS has a potential to improve the soil structure in
comparison with conventional corn-soybean cropping system. Similar SOC in CNT, CC
and ICLS (Fig. 4.1.) might explain why ρb and SPR not different among these treatments
under short-term management system.

4.3.3. Soil Water Retention and Pore Size Distribution
Soil water retention (SWR) curves under different treatments for all the sites are
shown in Fig. 4.3. At site 1, soil water content at Ψm −0.01, −0.4, −1, −2.5, −5, −10, −20,
and −30 kPa was significantly higher under GP and ICLS than those under CNT. The
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ICLS significantly improved SWR up to -5 kPa Ψm at site 2 and up to -0.4 kPa Ψm at site
3 as compared to the CNT under long-term management system. Under short-term
management system (site 4), SWR was not influenced by treatments. In general, longterm ICLS retained more water at all Ψm than the CNT, but short-term ICLS was not
different from CNT in its water retention characteristics (P>0.05; Fig. 4.3).
Data on soil pore size distribution under different treatments for all the sites are
shown in Table 4.3. Long-term ICLS (site 1, 2 and 3) significantly increased
macroporosity and total porosity in relation to the CNT. However, coarse mesoporosity,
fine mesoporosity and microporosity were not influenced by long-term management
system (Table 4.3). Results indicated that macroporosity was 2, 9 and 6 times higher
under ICLS compared to that under CNT at site 1, 2 and 3, respectively. Total porosity
was 25, 21 and 14% higher under ICLS compared to that under CNT at site 1, 2 and 3,
respectively. Under short-term management system (site 4), GP significantly enhanced
macroporosity than that of the CNT, however no differences were observed among ICLS,
CC and CNT treatments. Coarse mesoporosity, fine mesoporosity and microporosity was
not influenced by treatments at site 4 (P>0.05; Table 4.3).
The SWR for the Ψm from 0 to −1 kPa was higher in long-term ICLS due to low
ρb and SPR which might increase the root growth, and thus enhanced the pore structure in
this treatment. Moreover, SWR at Ψm mainly upto −33kPa is greatly influenced by SOM
content, thus, there was greater SWR in long-term ICLS as compared to the CNT (Rawls
et al., 2003). Our results were consistent with Minasny and McBratney (2018), who
reported that SOC had a positive effect on SWR, especially for water content at
saturation. An indication of the drainage capacity of soil is strongly related to and
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influenced by the effective volume of macropores in soil. The presence of these pores is
in turn defined by the structural stability of the soil (Singh et al., 2019), which was
enhanced by SOC (Fig. 4.1). Moreover, CC inclusion in the traditional corn-soybean
system extended the period with living roots in soil, creating biopores and thus, increased
the macroporosity under ICLS. The macropores control the air movement and are
important for root penetration and growth (Lal and Shukla, 2004). Enhanced total
porosity was also positively correlated with SOC content (r = 0.73; P<0.05) and
negatively with ρb (r = -0.85; P<0.05) in this study (Table 4.5).

4.3.4. Infiltration Rate and Estimated Parameters
Data on infiltration rate (qs) and estimated parameters from Parlange and GreenAmpt models (S and Ks) are shown in Table 4.4. The ICLS significantly improved qs than
the CNT under both long and short-term management systems. Saturated hydraulic
conductivity (Ks) estimated from Green-Ampt and Parlange models were significantly
greater for long-term ICLS as compared to the CNT (site 1, 2 and 3). The ICLS had
numerically greater S values compared to the CNT (P>0.05). No significant differences
were observed in S and Ks parameters among treatments under short-term management
system (Table 4.4).
Greater qs in ICLS under long-term management system was likely due to larger
proportion of macropores and greater content of SOC in ICLS compared to the CNT. A
significantly positive correlation between macropores and infiltration rate (r = 0.53;
P<0.05) found in this study corroborates this finding (Table 4.5). Macropores generally
constitute a small proportion of the total soil volume, but they are the major controlling

66
factors behind water movement in soils (Dhaliwal et al., 2020). Extensive and deeper root
systems of most of the CC included in this study under ICLS may have created biopores
after root decay that might increase water infiltration into soil as shown by S and Ks
parameters (Table 4.4). In contrary to current study, few studies (de Andrade Bonetti et
al., 2017; Greenwood and McKenzie, 2001) reported decreased infiltration under grazing
treatments due to compaction caused by grazing animals.

4.4.

Conclusions
The current study examined the response of soil physical and hydrological

properties to different management systems under short and long-term in eastern South
Dakota. Results indicated that inclusion of cover crops and livestock for long-term (> 30
years in this study) in the traditional corn-soybean system improved soil physical and
hydrological properties. Long-term integrated crop-livestock system at all the three sites
increased soil organic carbon, macroporosity, total porosity, infiltration rate, estimated
hydraulic conductivity and decreased soil bulk density and penetration resistance than
corn-soybean system. Long-term integrated crop-livestock system increased soil water
content at Ψm −0.01, −0.4, −1, −2.5, −5, −10, −20, and −30 kPa at site 1, upto -5 kPa Ψm
at site 2 and up to -0.4 kPa Ψm at site 3 as compared to corn-soybean system. However, in
general, short-term integrated crop-livestock system did not impact these properties. We
suggest that producers in eastern South Dakota can increase efficiency and sustainability
of their production systems by improving soil physical quality through integration of
crops and livestock. Knowledge of integrated crop-livestock system and cover crop
influences on soil physical quality can enable producers, stakeholders, and scientists to
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explore better cropping systems by including grazing and cover crop. However, there are
multiple other interacting factors and trade-offs that dictate the overall functioning of the
integrated crop-livestock systems those include weather, soil type, crop species in
rotation, tillage, grazing management, and socio-economic factors. Therefore, further
investigation is needed to understand the impact of integrated crop-livestock system on
other soil health parameters and crop yield to assess the long-term sustainability and
adaptability of this system in changing climatic conditions.
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Table 4.1. Soils, treatments, and management information for the four sites used in this
study.
Details

Site 1

Site 2

Site 3

Site 4

Location

Salem, SD

Bristol, SD

Bristol, SD

Beresford, SD

Management

>30 years

>30 years

>30 years

3 years

Soil type

Davision soil
series (fineloamy, mixed,
superactive,
mesic Aeric
Calciaquolls)
• ICLS†: CornSoybeanOats-CC
with cattle
grazing
• CNT: CornSoybean
with no
grazing
• GP: grazed
pasture

Poinsett-Forman
complex (finesilty, mixed,
superactive, frigid
Calcic Hapludolls)

Forman-Aastad
loams (fineloamy, mixed,
frigid Udic
Argiborolls)

• ICLS: CornSoybean- CC
with cattle
grazing
• CNT: CornSoybean with no
grazing
• GP: grazed
pasture

• ICLS: CornSoybean-CC
with cattle
grazing
• CNT: CornSoybean with
no grazing
• GP: grazed
pasture

Eagan-Trent
(fine-silty,
mixed,
superactive,
mesic Pachic
Haplustolls)
• ICLS: CornSoybean-OatsCC with cattle
grazing
• CNT: CornSoybean-Oats
with no grazing
• GP: grazed
pasture

Cropping
system

†

ICLS: integrated crop-livestock system; CC: cover crop; CNT: control.
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Table 4.2. Soil bulk density (ρb) and soil penetration resistance (SPR) as influenced by
different management systems for 0-5 cm depth at four study sites (1 through 4).
Treatments

CNT
ICLS
GP
Treatment
CNT
ICLS
GP
Treatment
CNT
ICLS
GP
Treatment
CNT
CC
ICLS
GP
Treatment
†

ρb
(Mg m-3)
Site 1
1.50a†
1.25b
0.89c
Analysis of variance (P>F)
<0.001
Site 2
1.32a
1.12b
0.87c
Analysis of variance (P>F)
0.002
Site 3
1.28a
1.16b
0.73c
Analysis of variance (P>F)
<0.001
Site 4
1.27a
1.21a
1.24a
1.25a
Analysis of variance (P>F)
0.10

SPR
(MPa)
1.06a
0.70b
0.60c
<0.001
1.24a
0.94b
0.85b
<0.001
1.54a
1.08b
0.87b
0.002
1.00a
0.88a
0.91a
0.97a
0.06

Mean values within the same column followed by different
lowercase letters are significantly different at P<0.05 within the
treatments for each site.
CNT: control; ICLS: integrated crop-livestock system; CC: cover
crop; GP: grazed pasture.
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Table 4.3. Pore size distribution (m3 m-3) as influenced by different management
systems for 0-5 cm depth at four study sites (1 through 4).
Treatment Macropores
(>1000 μm)

CNT
ICLS
GP

†

0.010b†
0.019a
0.026a

Treatment

0.004

CNT
ICLS
GP

0.002c
0.018b
0.044a

Treatment

0.001

CNT
ICLS
GP

0.004c
0.025b
0.037a

Treatment

0.002

CNT
CC
ICLS
GP

0.006b
0.004b
0.011b
0.016a

Treatment

0.005

Coarse
Fine
Micropores Total
mesopores
mesopores
(<10 μm)
pores
(60-1000 μm) (10-60 μm)
Site 1
a
0.029
0.057b
0.326c
0.422c
a
ab
b
0.046
0.063
0.400
0.527b
a
a
a
0.034
0.096
0.479
0.636a
Analysis of variance (P>F)
0.246
0.038
0.002
0.0004
Site 2
0.034a
0.022b
0.466a
0.525c
0.074a
0.043b
0.499a
0.634b
a
a
a
0.062
0.133
0.468
0.706a
Analysis of variance (P>F)
0.084
0.018
0.557
0.002
Site 3
0.077c
0.059b
0.436a
0.576c
0.095b
0.092a
0.443a
0.654b
a
a
a
0.099
0.153
0.440
0.729a
Analysis of variance (P>F)
0.715
0.075
0.990
<0.001
Site 4
0.080a
0.063a
0.385a
0.534a
0.092a
0.075a
0.389a
0.559a
a
a
a
0.084
0.073
0.371
0.539a
a
a
a
0.060
0.087
0.346
0.508a
Analysis of variance (P>F)
0.515
0.169
0.183
0.885

Mean values within the same column followed by different small letters are significantly different
at P<0.05 within the treatments for each site. CNT: control; ICLS: integrated crop-livestock
system; CC: cover crop; GP: grazed pasture.
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Table 4.4. Infiltration rate (qs), the Green–Ampt and Parlange model estimated
sorptivity (S) and saturated hydraulic conductivity (Ks) parameters as influenced by
different management systems at four study sites (1 through 4).
Treatments
qs
(mm hr-1)
CNT
ICLS
GP

22.7c†
111.3b
875.1a

Treatment

<0.001

CNT
ICLS
GP

44.0c
131.2b
822.4a

Treatment

<0.001

CNT
ICLS
GP

†

8.60c
34.6b
80.6a

Treatment

<0.001

CNT
CC
ICLS
GP

31.1b
170.1a
129.5a
250.5a

Treatment

<0.001

Green-Ampt
Parlange
S
Ks
S
Ks
-0.5
-1
-0.5
(mm hr ) (mm hr )
(mm hr ) (mm hr-1)
Site 1
19.3b
7.10c
19.5b
11.7c
ab
b
ab
48.0
86.1
56.0
102.5b
272.5a
662.6a
297.4a
783.7a
Analysis of variance (P>F)
0.026
0.001
0.027
<0.001
Site 2
41.3a
34.2c
44.7b
40.2c
a
b
ab
66.5
113.8
74.7
141.1b
101.7a
491.4a
118.3a
775.6a
Analysis of variance (P>F)
0.093
<0.001
0.557
<0.001
Site 3
11.8a
5.50c
12.9a
6.2c
20.5a
23.4b
22.5a
30.8b
a
a
a
22.8
70.3
27.9
79.9a
Analysis of variance (P>F)
0.158
<0.001
0.069
<0.001
Site 4
81.7a
7.70b
81.7ab
7.70b
98.9a
141.4ab
115.6ab
173.9a
a
ab
b
125.5
123.4
129.3
126.8ab
300.7a
27.5a
301.5a
46.1ab
Analysis of variance (P>F)
0.074
0.020
0.052
0.023

Mean values within the same column followed by different small letters are significantly different at
P<0.05 within the treatments for each site. CNT: control; ICLS: integrated crop-livestock system;
CC: cover crop; GP: grazed pasture.
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Table 4.5. Pearson correlation coefficients among different variables across all management systems.

SOC
TN
ρb
SPR
Mac
Coar
Fine
Micro
TP
qs

SOC
TN
0.69**

ρb
SPR
Mac
-0.90*** -0.43*** 0.74***

Coar
0.09

Fine
0.63***

Micro
0.46***

TP
0.73***

qs
0.69***

-0.54*** -0.25
0.42**
-

0.26
-0.19
0.06
0.10
-

0.45**
-0.62***
-0.38**
0.71***
0.40***
-

0.02
-0.61***
-0.11
0.29
-0.09**
-0.04
-

0.36*
-0.85***
-0.29
0.69***
0.46**
0.65***
0.68***
-

0.42**
-0.64***
-0.49***
0.53***
-0.21
0.43**
0.31*
0.41**
-

*

-

0.39*
-0.68***
-0.47**
-

SOC: Soil organic carbon; TN: Total nitrogen; ρb: Bulk density; SPR: Soil penetration resistance; Mac: Macropores; Coar;
Coarse mesopores; Fine: Fine mesopores; Micro: Micropores; TP: Total pores; qs: Infiltration rate
*Significant at the 0.05 level.
**Significant at the 0.01 level.
***Significant at the 0.001 level
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Fig. 4.1. Soil organic carbon (SOC) as influenced by control (CNT), integrated croplivestock system (ICLS), cover crop (CC) and grazed pasture (GP) systems for the 0-5
cm depth at four study sites (1 through 4). The different lowercase letters above the
column bars for each site indicate significant differences at p < 0.05.
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Fig. 4.2. Total nitrogen (TN) as influenced by control (CNT), integrated crop-livestock
system (ICLS), cover crop (CC) and grazed pasture (GP) systems for the 0-5 cm depth
at four study sites (1 through 4). The different lowercase letters above the column bars
for each site indicate significant differences at p < 0.05.
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Fig. 4.3. Soil water retention as influenced by control (CNT), integrated crop-livestock
system (ICLS), cover crop (CC) and grazed pasture (GP) systems for the 0-5 cm depth
at four study sites (1 through 4). No letters are shown if there are no significant
differences due to treatments at each pressure for each site at P<0.05.
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CHAPTER 5
3D-VISUALIZATION AND QUANTIFICATION OF SOIL POROUS
STRUCTURE UNDER THREE LAND USES USING X-RAY MICROTOMOGRAPHY SCANNING
ABSTRACT
Soil porous structure of the croplands converted from the native pasture (NP) was
evaluated in this study. The croplands included a traditionally used corn (Zea mays L.)soybean (Glycine max (L.) Merr.) rotation of the region and corn-soybean-cover crops
with livestock grazing of corn and soybean residues and cover crops, refereed as ICLS.
The X-ray computed microtomography (μCT) at a resolution of 31.6 μm was used to
assess soil pore structural parameters under all the land uses. Intact soil cores (28 mm dia
and 95 mm long) were collected from all the three land uses. The NP treatment was
utilized as baseline to assess management induced changes in soil properties. Data
showed that CT- derived porosity was higher in NP (12.8%) and ICLS (8.2%) compared
to the CNT (4.3%). Fractal dimension was higher in NP (2.5) compared to ICLS (2.4)
and CNT (2.3). Soils under CNT had larger values of degree of anisotropy and tortuosity
as compared to the NP and ICLS. The largest contribution to porosity was of pores >10
mm3 in all the management systems, and these pores were significantly higher in ICLS
than the CNT. Triaxial shaped pores occupied a bigger fraction of porosity and number of
pores for all the treatments. Results of this study indicate that long-term adoption of ICLS
improves soil pore properties which would enhance soil functional process and have
positive implications for nutrient cycling, root growth, soil gas fluxes and water
dynamics.
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Keywords: X-ray micro-CT scanning, Soil pore characteristics, Integrated crop-livestock
system

5.1.

Introduction
Soil porosity is an important physical attribute of soil structure as it determines

the oxygen and water availabilities, which in turn affect gas exchange and crop yield
(Franzluebbers, 2002). The fluxes of water and air, organic matter decomposition, plant
available water and soil resistance to erosion are directly linked to the geometry and
arrangement of pores in the soils (Pires et al., 2017). Mesopores and macropores play an
important role in these processes (Imhoff et al., 2010; Pires et al., 2019). A greater
understanding of the role of structure on soil function can be achieved by a detailed
characterization of the spatial configuration of its components.
X-ray computed tomography (CT) scanning has been recognized as a powerful
technique to visualize and quantify soil structure (Galdos et al., 2019; Meira Cássaro et
al., 2017). With this technique, it is possible to gain quantitative information on number,
size, shape, connectivity, pore network branching, pore surface area, diameter, and
tortuosity of soil pores. The quantification of these characteristics further depends on the
minimal discernible size of pore, i.e. on the spatial resolution of the images (Peng et al.,
2014). Earlier studies utilized CT-scanning approach to examine soil macro-structure,
however, with the development of high-resolution (μCT) scanning over the last decade, it
has now become possible to quantify soil micromorphological features. This approach
has been used to quantify soil structural changes by root development (Helliwell et al.,
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2017), fertilizer application (Zhou et al., 2016) and land use conversions at micro scale
(Canisares et al., 2020).
Land use changes influence soil structural dynamics and thereby affect a range of
important soil functions such as water movement and storage in soil, nutrient availability
and microbial activity those are essential for plant growth (Kravchenko and Guber, 2017;
Rabot et al., 2018). Conversion of grasslands to arable cropping results in loss of soil
organic carbon (SOC) and hence, negatively affects soil structure (Poulton et al., 2018),
which decreases soil’s ability to function and to provide ecosystem services (Schwilch et
al., 2016). Soil organic matter and soil structure can be improved using soil health
management practices such as the use of winter cover crops (CCs), reduced tillage,
incorporation of crop residues and integrated crop-livestock system (ICLS) (Ambus et al.,
2018; Blanco-Canqui and Ruis, 2020; Lal, 1991; Pagliai et al., 2004), among others.
Integrated crop-livestock system (ICLS) is the coupling of crop and livestock production
within a farm or among multiple farms such that the products support each other
(reference). The ICLS is an efficient use of natural resources and has been promoted as
an important soil management system in USA (Franzluebbers, 2007; Lemaire et al.,
2014; Russelle et al., 2007; Sulc and Tracy, 2007). It has the potential to reduce
production costs, minimize use of fertilizers and agrochemicals, maximize use of
farmlands, improve environmental quality, and increase climatic and economic resilience
of the agricultural sector (Carvalho et al., 2018; Franzluebbers and Stuedemann, 2014;
Wang et al., 2019).
The inclusion of CCs and livestock in crop rotation has been highlighted as a way
to maintain or improve soil structural quality in agroecosystems (Ambus et al., 2018;
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Franzluebbers and Stuedemann, 2008; Rakkar et al., 2017; Steele et al., 2012). Long-term
cropping systems with CCs as part of the rotation sequence can also add organic matter to
soil, improve its structure by reducing the compaction and increasing the total porosity
(Nouri et al., 2019). The improvement of soil structure due to CCs in the cropping system
has been reported as an important way of reducing the risks of water deficiency as it
enhances water infiltration, which largely depends on soil aggregation, macroporosity
and pore continuity (Blanco-Canqui et al., 2011; Blanco-Canqui and Ruis, 2020; Hubbard
et al., 2013; Steele et al., 2012). Livestock inclusion into the cropping systems under
ICLS can negatively and positively affect soil structure depending upon factors such as
stocking density, soil type, and biomass availability, among others. With high soil
moisture and high stocking rate, the animal trampling can compact soil and disrupt the
soil structure. However, well-managed, integrated crop-livestock systems can increase
SOM , that can further enhance pore connectivity in grazed systems, which compensates
for the negative influence of the greater compaction caused by animal traffic
(Franzluebbers et al., 2012).
Limited studies have examined soil porosity under long-term ICLS (dos Reis et
al., 2021; Singh et al., 2020) and there remains a lack of knowledge regarding the effect
of ICLS on soil structural properties at a μm scale. The objective of this research is to
apply the X-ray μCT technique to evaluate soil pore structural properties such as
porosity, number of pores, pore size, pore shape, fractal dimension, anisotropy and
tortuosity under contrasting soil management systems including ICLS, at a μm scale.

5.2.

Materials and Methods
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5.2.1. Site Details
This study was conducted on an on-farm site located near Bristol (45°39’38’’N,
97°45’3’’W), South Dakota, USA. The climate is classified as warm humid continental
(Dfb) with yearly average rainfall of 60 mm. The soil of the study site was FormanAastad loams (fine-loamy, mixed, frigid Udic Argiborolls) loams with <2% slope. Study
treatments included corn-soybean (control), ICL [corn (Zea mays L.)/grazing-soybean
(Glycine max (L.) Merr.)/grazing-CC/grazing)], and native grasslands. Each field was
about 40 ha in size and the ICLS and CNT treatments were located within 50-m distance
(just across the fence) to each other. Both management systems have been in place for
>30 years, though cover crops were added to the ICLS system only in the last 6 years. An
area under native pasture (NP) (>100 years) was utilized as baseline to assess
management induced changes in soil properties, which was located 100 to 200 m adjacent
to? the study sites. Corn was planted at the rate of 75,000 seeds ha-1 and received 170 kg
N ha-1; soybean was planted at the rate of 475,000 seeds ha-1 and received 56 kg MAP ha1

. Cover crop was blend of grasses, legumes and brassicas and differed slightly from year

to year due to farmer’s preference in this on-farm experiment and was planted at the seed
rate of 42500 seeds ha-1. All the fertilizers were applied in spring season. Grazing of corn
and soybean residue and CCs was done every year from November to March with a
group of Aberdeen Angus cattle (Bos taurus) and was based on forage availability.

5.2.2. Soil Sampling
Intact soil cores were taken in August 2019 using a 95 mm long and 28 mm
internal diameter PVC cores from the 0–10 cm layer in an area free of tractor wheel
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traffic and cattle hoof prints for the μCT analysis. Three cores were collected from each
management system using a randomized design. Since the three cores were collected
from single replication of each treatment, these were considered as pseudo-replicates.
Selection of pseudo-replicates in each treatment was done carefully to ensure all
sampling sites have same soil type and landscape characteristics. After sampling, the
cores were wrapped in plastic wrap and transported to the laboratory. Excess soil at the
top and bottom of cores was trimmed very gently using palette knife, and soil cores were
sealed with plastic caps at each end and transported to University of Missouri Veterinary
Health Center at Columbia, Missouri, USA for μCT scanning.

5.2.3. X-ray Micro-Computed Tomography (μCT)
Soil cores were scanned using a Zeiss Xradia 510 Versa X-ray CT scanner using
an energy of 80 KeV/7W and exposure time of 1.5 s. A total of 1601 projections were
obtained per sample with a pixel resolution of 31.6 μm. Therefore, it was not possible to
quantify pores below the resolution mentioned. The original grey-level X-ray μCT
images were processed using ImageJ ver. 1.52n (Schindelin et al., 2012). The overall
procedure of image processing followed in this study was showed in Fig.5.1. The Region
of Interest (ROI) tool was used to crop the 3-D images to a diameter and height of 22.16
mm and 85 mm, respectively, to avoid possible artifacts on the borders of soil core
samples that might have emerged during sampling or transport. A 3D median filter with a
radius of 2 voxels was applied for noise removal in the image stack (Luo et al., 2010). To
enhance the contrast between the soil solid material and pores, images were normalized
using “enhance contrast” algorithm. The segmentation process was based on adaptive
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local thresholding method of Phansalkar et al. (2011). In this process, the threshold value
of each pixel was calculated on the basis of mean and standard deviation of the grey
values of the neighboring pixels. The pixels having grey values lower than the threshold
were defined as pores. A closing operation was applied to remove the scattered features
with one-voxel width. The images were also visually inspected for quality of the
segmented images. This process resulted in a binary image, in which pores and soil
matrix were represented by white and black pixels, respectively.
The porosity and the number of pores were calculated taking into consideration
the image resolution using particle analyzer plugin within BoneJ plugin (Doube et al.,
2010) in ImageJ software. The 3D fractal dimension, an indicator of self-similarity and
surface detail was determined through a box-counting algorithm (Perret et al., 2003) and
degree of anisotropy, which gives the preferred orientation of pores was determined by
using the BoneJ plugin (Doube et al., 2010). The tortuosity (τ) was obtained from
skeletons of macropores which were generated using Skeletonize 3D plugin in ImageJ
software. The skeletons (centerline of macropores with a thickness of one voxel) were
analyzed using Analyse Skeleton plugin (Doube et al., 2010) in ImageJ and τ was
calculated as the ratio of total actual lengths of all macropores to the sum of the shortest
distance between two ends for all the macropores (Katuwal et al., 2015).
For the 3D structure analysis, soil pores were classified according to their size and
shape distribution. For porosity and number of pores size distribution analysis, pores
were classified into following volume intervals: 0–0.01, 0.01–0.1, 0.1–1, 1–10, and >10
mm3. The 3D pore size distribution (sorted by pore volume) corresponded to the total
number of isolated pores within the region of interest. For the shape classification,

86

geometrical parameters known as major, intermediate and minor axes of the ellipsoids
that represent each pore were determined using the BoneJ plugin in the ImageJ software.
The soil pores were classified based on the ratio of the intermediate by the large (I/L) axis
and short by the intermediate (S/I) axis (Table 5.1) (Bullock et al., 1985). Based on these
ratios, following pore geometries were classified: Equant (Eq.), Oblate (Ob.), Triaxial
(Tr.), Prolate (Pr.), Planar (Pl.), Acircular-Planar (AP) and Acircular (Ac.).

5.2.4. Statistical Analysis
The management impacts on different soil parameters were analyzed by ANOVA
using the GLIMMIX procedure in SAS version 9.4 (SAS, 2016). The treatments were
considered as fixed effects, and pseudo-replications were considered as random effects.
Data were transformed when necessary using SAS (2016). The transformation was
determined using the Box-Cox method using SAS (2016). Pearson’s correlation analysis
was conducted using the RStudio (RStudio, Inc., Boston, MA, USA) to investigate the
relationships among various CT-derived parameters, soil organic carbon and infiltration
rate. Significance was determined at α = 0.05 level for all statistical analysis in this study.

5.3.

Results and Discussion
Representative 3D images of the soil pore system under CNT, ICLS and NP are

presented in Fig. 5.2. Soils under ICLS and NP management were more porous than soils
under CNT management. Greater number of soil pores under ICLS might be attributed to
increased return of crop residue due to CCs and animal manure in soil which enhanced
the soil organic carbon (SOC) (Ribeiro et al., 2020), and hence the soil porosity. The
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higher number of pores in undisturbed NP might be associated with earthworm activity
and dense root system of grasses (Peth et al., 2008) as large number of fine roots,
increase the input of organic substrates into the soil via root exudates.
Data on CT- derived porosity, number of pores, fractal dimension, degree of
anisotropy and tortuosity under different treatments are shown in Table 5.2. The CTderived porosity was higher for NP (12.8%) followed by ICLS (8.2%) and CNT (4.3 %)
(Table 5.1). Significant differences (p < 0.05) were observed in porosity under these
treatments. Soils under NP had the highest number of pores (42264) followed by CNT
(38105) and ICLS (31835). No significant differences in number of pores were observed
among the different management systems. The lowest porosity observed for CNT may be
associated with low SOC found in these soils (data not shown). Soils under grasslands
generally have more SOC and nitrogen than the agricultural soils (Poeplau et al., 2011).
The conversion of grasslands to cropland can hasten C and N cycling and thus accelerate
the loss of SOC (Ramesh et al., 2019). Integration of CCs and livestock into the system
might compensate the adverse effects of this conversion by increasing macropores in soil
through high organic matter content and root development. Moderate grazing can
stimulate tiller and root development by shoot renewal (de Moraes et al., 2014), promotes
intensive exudation of organic compounds by roots (Hamilton et al., 2008), which
enhance the aggregate stability, thus porosity of soils. Results reported by Franzluebbers
et al. (2012) also suggested that greater SOC in grazed systems might be the reason of
higher porosity in these systems. Crop residues when ingested by ruminants, pass through
their digestive tract, get exposed to rumen microbes and get deposited as manure in the
soil, which further enhance SOC and microbial activity in the soil through higher nutrient
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cycling (Deiss et al., 2020) and can positively impact soil porosity. On the other hand,
CCs in the integrated system extended the period with living roots in the soil, creating
biopores and thus, increased the macroporosity under ICLS. A significantly positive
correlation of CT-measured porosity with SOC and infiltration rate (Table 5.3) also
supports these results. Haruna et al. (2018) also observed higher macroporosity under CC
management system compared with no CC due to higher root activity in silt loam soil.
Fractal dimension of soil is associated with number of pores and their size
distribution as it measures space filling capacity of a pore (Rachman et al., 2005). Fractal
dimension was highest in NP followed by ICLS and CNT with significant differences
noticed between NP and CNT only (p<0.05); Table 5.2). These results are in accord with
(Singh et al., 2020), who obtained values of 2.47 for native pasture, 2.44 for ICLS and
2.1 for corn-soybean system from 0–10 cm soil depth. Higher fractal dimension recorded
in NP might be due to more complex pore structure of the soils under permanent pastures
across a variety of sizes (Peng et al., 2011).
Degree of anisotropy was highest in CNT, followed by ICLS, whereas NP had the
smallest value (Table 5.2). ICLS and NP had significantly lower degree of anisotropy as
compared to the CNT (p<0.05), however, no differences were recorded in degree of
anisotropy between ICLS and NP. As ICLS and NP had degree of anisotropy less than
CNT, which mean these systems might be more isotropic than CNT i.e. pores are not
oriented in particular directions, which enhance redistribution of water into the soil in all
directions rather than preferential flow in one direction (Pires et al., 2019). Tseng et al.
(2018) and Pires et al. (2019) also observed small values for the degree of anisotropy for
native undisturbed land in comparison to degraded or recovering pasture land. The degree
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of anisotropy data for all management systems indicate good physical condition of soil in
regard to water movement through soil, when compared to observed values of degree of
anisotropy for an area of degraded soil by Tseng et al. (2018).
Tortuosity of soil represents the degree of complexity of the sinuous porous path
of soil (Pagenkemper et al., 2014). The soil pore system tortuosity can influence the
movement of water and air through the soil. The average soil tortuosity shown in Table
5.2 represents average of the tortuosities of all skeleton segments. Lowest average
tortuosity was observed for NP, followed by ICLS and CNT Significant differences in the
average tortuosity were observed between ICLS and CNT, and NP and CNT (p<0.05;
Table 5.2). However, no differences in tortuosity were recorded among ICLS and NP.
The lowest average tortuosity in ICLS than CNT indicates more alignment of pores in
these management systems. Higher aligned pores in ICLS suggested the presence of well
interconnected network of continuous flow channels than CNT (Peth et al., 2008), which
can enhance the infiltration of soil. Large tortuosity values for CNT indicates the
presence of large number of disconnected pores in this system (Borges et al., 2018),
whereas smaller tortuosity values for ICLS and NP suggest the presence of less
tortuous macropores or biopores (Pagenkemper et al., 2015). The increase in tortuosity
can increase the resistance to flow of water and air and can adversely affect the ability of
soil to transport water and air through it (Rezanezhad et al., 2010). A significantly
negative correlation of tortuosity with infiltration rate (Table 5.3) also support these
findings.
The pore sizes (from 0-0.01, 0.01-0.1, 0.1-1 and 1-10 mm3) had a little
contribution to porosity (Fig. 5.3), but these pore sizes had the greatest contribution to
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number of pores (Fig. 5.4). The highest contribution to porosity for 0-0.01, 0.01-0.1 and
0.1-1 mm3 pores for all management systems was observed in NP, followed by CNT and
ICLS, though the differences were not significant (Fig. 5.3). For 1-10 mm3 pore size, the
contribution to porosity followed the trend NP = ICLS < CNT (p>0.05, Fig. 5.3). No
significant differences were recorded between management systems for any of the pore
size intervals in relation to number of pores (Fig. 5.4). For all treatments, pore size > 10
mm3occupied a bigger fraction of porosity which underlines the contribution of large
pores to the overall soil porous system of systems studied (Fig. 5.3). The highest
contribution for pore size (> 10 mm3) was observed in NP (11.7%), followed by ICLS
(7.5%) and CNT (3.5%). The significant differences were observed among all the
management systems. Overall, in terms of pore size distribution, contribution of pores <
10 mm3 was very less to total porosity, major portion of porosity was occupied by pores
> 10 mm3, which indicates the presence of large inter-aggregate pores in the soil (Costa et
al., 2018). Highest contribution of large pores to porosity was also observed by Borges et
al. (2018); Cássaro et al. (2011); Pires et al. (2017). These type of pores enhance the
water movement through the soil by increasing water infiltration and may reduce erosion
(Imhoff et al., 2010). A significantly positive correlation of porosity with infiltration rate
(Table 3) found in this study further corroborates this statement.
The pore morphology characterized by pore shape is important to study as it has
direct influence on root growth and water and air transmission through soil. Management
induced changes in pore shape will affect the water retention and availability of water to
plants (Pires et al., 2017). Triaxial voids are flat with minimal thickness, which can result
from shrinking and swelling activity of soils (Maric, 2016). The occurrence of several
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pore shapes depends on soil type as well as on management systems. In particular, the
presence of prolate pores might be attributed to burrowing fauna and root activity
(biopores) (Carducci et al., 2014). The presence of these type of elongated pores
positively affect plant growth by enhancing root penetration and transmission of water
and gases through soils (Pagliai et al., 2004), which was evidenced by positive correlation
of triaxial shape pores with infiltration rate (Table 5.3).
The highest contribution of all type of pore shapes (i.e. equant, oblate, triaxial,
prolate, planar, acicular-planar and acicular) to the porosity was found for NP, followed
by ICLS and CNT, except for planar which followed the trend NP>CNT>ICLS (Fig. 5.5).
No significant differences were observed among the treatments contribution of different
pore shapes to porosity. Similarly, in case of number of pores, the greatest contribution of
all the pore shapes (equant, oblate, triaxial, prolate, planar, acicular-planar and acicular
shaped pores) to number of pores was reported in NP in comparison with ICLS and CNT
(Fig. 5.6), although the differences were not significant. In general, the triaxial shaped
pores occupied a bigger fraction of porosity (Fig. 5.5) and number of pores (Fig. 5.6) for
all the treatments.

5.4.

Conclusions
In this study, X-ray micro-computed tomography (μCT) was used to differential

soil pore structure at 0–10 cm depth under integrated crop-livestock system, corn-soybean
system and native pasture systems. The 3D visualization showed that soils under native
pasture and integrated crop-livestock system are generally highly porous than those under
traditional corn-soybean system. Inclusion of cover crops and livestock in the croplands
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had higher porosity, lower degree of anisotropy and tortuosity than the corn-soybean
system. Large part of the porosity was comprised of >10 mm3 pores for all the
management systems and was higher in integrated crop-livestock system than the cornsoybean system. The largest contribution of triaxial shaped pores to porosity and number
of pores were found under all the management systems. The results of this study provided
a detailed characterization of the soil porous system at the micrometric scale. This type of
information is important as transmission of water and gases through the soil largely
depends on soil pore network.
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Table 5.1. Soil pore classes based on the ratio of the principal ellipsoid axes.
Axis
Ratio

Shape
AcircularAcircular
Planar

Equant

Oblate

Triaxial

Prolate

Planar

≥0.65

≥0.65

<0.65

<0.65

≥0.35

<0.35

<0.35

S/I
≥0.65
<0.65
<0.65
≥0.65
I: intermediate axis; L: large axis; S: short axis

<0.35

<0.35

≥0.35

I/L
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Table 5.2. Computed tomography derived porosity, number of pores, fractal dimension,
degree of anisotropy and tortuosity for the soils under corn-soybean system (CNT),
integrated crop-livestock system (ICLS) and native pasture (NP).
Trt

Porosity (%)

Number of pores

CNT
ICLS
NP
p-value

4.3 c (±0.01)
8.3 b (±0.01)
12.8 a (±0.004)
0.001

38105 a (±12754)
31835 a (±6372)
42264 a (±8695)
0.41

Fractal
dimension
2.3 b (±0.08)
2.4 ab (±0.02)
2.5 a (±0.004)
0.04

Degree of
Tortuosity
anisotropy
0.37 a (±0.01) 1.36 a (±0.04)
0.29 b (±0.04) 1.28 b (±0.004)
0.27 b (±0.01) 1.27 b (±0.01)
0.01
0.01
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Table 5.3. Pearson correlation coefficients among different variables across all management systems.

SOC
IR
CT.por
DA
TOR
FD
Eq
Ob
Tr
Pr
Pl
AP
Ac

SOC
-

IR
CT.por
0.92*** 0.87**
0.96***
-

DA
-0.69*
-0.73*
-0.75*
-

TOR
FD
-0.59
0.78*
-0.76* 0.86**
-0.85** 0.92***
0.74*
-0.56
-0.85**
-

Eq
0.66*
0.35
0.25
-0.36
0.01
0.18
-

Ob
0.68*
0.38
0.38
-0.37
-0.17
0.41
0.89**
-

Tr
0.41
0.65*
0.66*
-0.3
-0.54
0.52
-0.27
-0.3
-

Pr
0.65
0.38
0.37
-0.48
-0.25
0.42
0.86**
0.97***
-0.39
-

Pl
0.36
0.05
0.07
0.05
0.04
0.2
0.72*
0.8**
-0.28
0.71*
-

AP
0.61
0.33
0.34
-0.32
-0.24
0.44
0.84**
0.97***
-0.31
0.95***
0.87**
-

SOC: Soil organic carbon; IR: Infiltration rate; CT.por: CT-derived porosity; DA: Degree of anisotropy; TOR: Tortuosity; FD: Fractal dimension; Eq:
Equant; Ob: Oblate; Tr: Triaxial; Pr: Prolate; Pl: Planar; AP: Acircular-Planar; Ac: Acircular
*Significant at the 0.05 level
**Significant at the 0.01 level
***Significant at the 0.001 level

Ac
0.41
0.25
0.40
-0.18
-0.39
0.5
0.41
0.71*
-0.06
0.63
0.72*
0.75*
-
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Fig. 5.1. The procedure used in this study for X-ray computed tomography scanned
image processing.
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Fig. 5.2. 3D visualization for the soils under (a) corn-soybean system (CNT), (b)
integrated crop-livestock system (ICLS) and (c) native pasture (NP). Soil pores are
shown in green color.
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Fig. 5.3. Contribution of different sizes of pores to porosity under corn-soybean system
(CNT), integrated crop-livestock system (ICLS) and native pasture (NP).
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Fig. 5.4. Contribution of different sizes of pores to number of pores under corn-soybean
system (CNT), integrated crop-livestock system (ICLS) and native pasture (NP).
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CHAPTER 6
SOIL SURFACE GREENHOUSE GAS FLUXES UNDER SHORT-TERM
INTEGRATED CROP-LIVESTOCK AND PASTURE SYSTEMS
ABSTRACT
Even though the grazing of cover crops by cow-calf production systems is
perceived to be profitable for many producers, little is known about the emissions of
greenhouse gases (GHG) from these integrated systems. This study determined the
impact of short-term cover cropping, grazing of cover crops, crop residues and pasture on
soil GHG emissions in a climate transition zone (udic to ustic and mesic to frigid
temperature). The experiment contained a corn, soybean, and oat rotation where each
crop was grown each year. Within this rotation, treatments included: i) control (CNT),
where no cover crops and no grazing were used; ii) cover crops inclusion after oats with
no grazing (CC) iii) grazing of corn and soybean residue after grain harvest and cover
crops after oats (G); and iv) grazed pasture mix (GP) (which was not part of rotation).
Results indicated that GP increased cumulative carbon dioxide (CO2) fluxes by 34-57%
and decreased nitrous oxide (N2O) fluxes by 26-50% as compared to the CNT.
Cumulative CO2 fluxes were similar among CNT, CC and G. Cover crops inclusion after
oats lowered cumulative N2O fluxes than CNT. However, cumulative N2O fluxes were
similar between CNT and G. Cumulative CH4 fluxes were not influenced by the
treatments over the study period. This short-term study indicated that the cover crops and
grazed pasture were able to mitigate N2O fluxes in integrated crop-livestock systems.
Keywords: carbon dioxide, nitrous oxide, GHG fluxes, cover crops, pasture, crop
rotation, cattle grazing
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6.1.

Introduction
Agriculture contributes to 10% of global anthropogenic greenhouse gas (GHG)

emissions which are mainly comprised of carbon dioxide (CO2) (81%), methane (CH4)
(10%), and nitrous oxide (N2O) (7%) (EPA, 2018). For a 100-yr time horizon, the
contributions of N2O and CH4 to global warming potential are 300 and 25 times greater
than that of CO2, respectively. These emissions are expected to grow with increasing
demand for food, fiber and energy (Hosonuma et al., 2012; Tubiello et al., 2015). In
agriculture sector, CO2 emissions are primarily associated with seedbed preparation, landuse disturbance and the conversion of grasslands to cultivated lands (Spawn et al., 2019).
Generally, cultivation leads to a reduction of soil organic carbon stocks, the
decomposition or microbial decay of which have contributed to increased atmospheric
CO2 levels. Nitrous oxide is produced by the microbial transformation of nitrogen in soils
and manures (Smith et al., 2008). Specific activities that contribute to N2O emissions
from agricultural soils include the application of synthetic and organic fertilizers and the
growth of nitrogen-fixing crops (Gelfand et al., 2016). Methane is generated when
organic materials decompose in oxygen-deprived conditions and are associated with
livestock, especially ruminants such as cattle, that produce this gas as a by-product, when
microbes in their digestive system break down food (Mosier et al., 1998), and the process
is called enteric fermentation. Other sources of GHG emissions from agricultural sector
include CO2 from liming and urea application, CH4 from rice cultivation and manure
management, and crop residue burning, that produces CH4 and N2O (EPA, 2018).
Agriculture could play a prominent role in mitigating GHG emissions through the
adoption of resource conservation technologies or climate smart agricultural practices.
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Several management practices have been evaluated to mitigate GHG emissions from
intensified agricultural systems that include reduced tillage intensity (Campbell et al.,
2014), planting cover crops (CC) (Parkin et al., 2016), diversified cropping systems
(Shipitalo et al., 2013), reduced application and use of nitrogen fertilizers (Snyder, 2017)
and integrated crop-livestock systems (ICLS) (Salton et al., 2014). The integrated croplivestock system couples crop and livestock production within a farm or among multiple
farms such that the products support each other (Hilimire, 2011; Kumar et al., 2019). The
most commonly practiced types of ICLS include grazing of CC within cash-crop
rotations, crop residue grazing, dual-purpose cereal crops (for forage and grain
production), sod-based crop rotations, and agroforestry (Sulc and Franzluebbers, 2014).
While there are many variations of ICLS depending on geographic region, integrating
crop and livestock production has been reported to improve economic and environmental
outcomes (Russelle et al., 2007; Wang et al., 2019). The economic benefits of ICLS
include a reduced requirement to purchase outside livestock feed and fertilizers as crops
produced on the farm can be used to feed the livestock. The environmental benefits of
ICLS is associated with the building of SOM, improvement in soil physical properties,
reduction in soil erosion and improvement in water quality (Sulc and Tracy, 2007).
Integrating CC within existing cropping systems has the potential to provide food,
feed, fiber production, nutrient cycling, soil and water quality improvement benefits
(Blanco‐Canqui et al., 2015). Cover cropping during fallow periods could increase the
amount of C sequestered by enhancing the C sink potential of agricultural soils and thus
offset the increasing CO2 emission (Chahal et al., 2020; Poeplau and Don, 2015). Cover
crop species have been reported to reduce the N loss to the environment by lowering
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nitrate N levels in the soil via sequestering N into their biomass (Abdalla et al., 2018;
Muhammad et al., 2019). These crops can also lower N2O production by absorbing soil
water in their living plant tissue, which in turn reduces denitrification (Basche et al.,
2016; Peyrard et al., 2016). Conversely, C and N inputs from CC may increase GHG
fluxes by increasing microbial metabolic activity and respiration in the rhizosphere
(Davis et al., 2019; Sanz-Cobena et al., 2014).
Grazing livestock on CC, crop residues after the grain harvest and pastures
represent one of the simplest and most economical methods to integrate livestock into
cropping systems. Moderate cattle grazing can enhance agricultural productivity by
recycling nutrients and improving SOC content in the soil (Franzluebbers and
Stuedemann, 2008; Liebig et al., 2010b).
Grazing may reduce GHG emissions from the soil by reducing the amount of root
biomass, soil moisture and substrate availability (Chen et al., 2013; Tang et al., 2019; Wu
et al., 2010). Nevertheless, grazing may also increase GHG emissions. Urine and fecal
deposition by grazing livestock add labile N forms in the soils, those are susceptible to
atmospheric loss through denitrification processes (Oenema et al., 2008). Also,
compaction caused by livestock trampling can create anaerobic conditions which are
favorable for denitrification and methanogenesis. In the Northern Great Plains of U.S.,
Abagandura et al. (2019) reported that cumulative CO2 emissions reduced in grazed
cropland in comparison with ungrazed cropland, however cumulative N2O and CH4
emissions did not differ between grazed and ungrazed cropland while Singh et al. (2020)
reported that grazed CC recorded similar CO2, N2O and CH4 emissions compared with
the ungrazed CC over a two-year study. Similarly, Liebig et al. (2020) found that grazing
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did not affect N2O emissions in cropland or grassland over a three-year study in Northern
Great Plains.
While there are limited studies on impact of CC, grazing of crop residues, CC and
pasture on GHG emissions in Northern Great Plains, therefore, it is critical to understand
GHG emissions in integrated systems, such as the proposed integrated crop-livestock
system (CC, grazing of CC, crop residues and pasture), to predict resilient
agroecosystems for changing climate, since the effects of this integrated system on GHG
emissions in the Northern Great Plains is relatively unknown. We hypothesized that CC,
grazing of crop residues and CC under corn-soybean-oat cropping rotation and pasture
may help mitigate the GHG emissions from agricultural soils. Hence the objective of this
study was to evaluate the impact of CC, short-term grazing of crop residues and CC and
pasture on soil surface GHG emissions.

6.2.

Materials and Methods

6.2.1. Site Description, Treatments, and Crop Management
A field experiment was initiated in 2016 at South East Research Farm in
Beresford, South Dakota (43°05’N, 97°00’W and 457 m above mean sea level) to
investigate the effect of cover crops and grazing under the ICLS on soil GHG fluxes. The
study was conducted in 2016, 2017 and 2018 on a well-drained (slope<1%) Egan (Finesilty, mixed, superactive, mesic Udic Haplustolls)-Trent (Fine-silty, mixed, superactive,
mesic Pachic Haplustolls) silty clay loams. The soil parent material is glacial till and the
pH2:1 and EC2:1 of surface 15 cm soil was 6.7 and 1 dSm-1, respectively. The study site
was located on the border between ustic and udic soil moisture regimes and mesic and
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frigid soil temperature regime. The Köppen climate classification of the experimental site
is warm humid continental with warm and humid summers and cold and snowy winters
with average annual precipitation of 655 mm, average annual maximum and minimum
temperature of 15 ºC and 2 ºC, respectively (67-yr average, (SERF, 2020). The plots were
managed with no-till and included a corn-soybean rotation for 4 years prior to this
experiment. Study treatments included: i) no cover crops and no grazing (CNT); ii)
grazing of crop residues after grain harvest and cover crops (G); iii) cover crops with no
grazing (CC) under single crop rotation system which annually rotates corn (Zea mays L.;
C), soybean [Glycine max (L.) Merr.; S], and oat (Avena sativa L.; O) such that each
phase of the rotation system was present in each year of the study (i.e., C-S-O, S-O-C,
and O-C-S) and iv) grazed pasture (GP). The treatments were laid out in randomized
complete block design with four replications. Individual plot sizes were 0.16 acre (18 m ×
36 m). Cover crops were a blend of grasses, legumes and brassicas (Table 6.8) which
were planted after harvesting of oat in 19‐cm‐wide rows using a grain drill (John Deere
750; Deere and Co.). Grazed pasture was a blend of cool-season grasses (Table 6.8)
highly suitable for grazing which was established at the same time along with other
treatments. Corn and soybean residues, CC and GP were grazed simultaneously each year
with 0.47, 0.26, and 0.47 hectares per steer per month in 2016, 2017, and 2018,
respectively. To ensure that adequate vegetative cover and soil stability are maintained,
approximately one-half of the available biomass was grazed following the best grazing
management practices. The grazed plots were electrically fenced during grazing in order
to avoid the access of cattle to non-grazed plots. Further details including the crop
management and grazing information are shown in Table 6.1.
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6.2.2. Soil Sampling and Analysis
Soil samples (0-5 cm depth) were collected from each treatment at four random
locations (2 transects, 2 samples/transect) free of tractor wheel traffic using a push probe
auger having a diameter of 3.2 cm at the end of each rotation in 2018. Samples were airdried and ground to pass through a 2.0 mm sieve for pH and EC analysis. For total carbon
(TC) and nitrogen (TN) analysis the samples had to pass through a 0.5 mm sieve. All
visible residues were removed prior to grinding. Soil pH and EC (1:2 soil/water) was
determined by potentiometry. Soil TC and TN were determined by dry combustion
(TruSpec; LECO Corporation, St. Joseph, MI, USA). Inorganic carbon in the samples
was below detection limits (< 0.020 mg C), so TC was considered to be SOC in this
study.

6.2.3. Sampling and Analysis of GHG Fluxes
Soil surface GHG fluxes were monitored from September to November in 2016,
July to October in 2017 and April to October in 2018. Samples were collected once a
week in 2016 and 2017 and twice a week in 2018, depending upon weather conditions.
Static closed chamber technique was used for measuring GHG ﬂuxes (Parkin and
Venterea, 2010). Polyvinyl chloride (PVC) anchors having diameter and height of 25 cm
and 15 cm respectively, were installed to a depth of 5 cm between the crop rows with
minimum soil disturbance and were removed only during the field operations. The
anchors were covered with lids having a septum for sample collection and a vent tube for
preventing pressure perturbations inside the anchors during sampling. Gas samples were
collected between 8:00 am and noon to minimize the effect of diurnal variations on GHG
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fluxes. Samples were taken at 0, 20, and 40 min intervals with a syringe and transferred
into 10 ml argon-filled sterilized vials sealed with a gas-tight septum. During each
sampling event, air temperature inside the anchor was measured for calculating the GHG
fluxes. Gas concentrations were determined by gas chromatography (GC-2014;
Shimadzu, Columbia, MD, USA) using an electron capture detector for N2O, and a flame
ionization detector for CO2 and CH4. The GHG fluxes were calculated by linear
regression when concentration vs. time data was linear and by algorithm of Hutchinson
and Mosier (1981) when concentration vs. time data was curvilinear. Cumulative fluxes
for each treatment were calculated using linear interpolation flux rates between sampling
dates then summing daily rates over each growing season. In addition, soil moisture and
temperature at 0-5 cm close to the anchor was measured using a HH2 moisture sensor
(Delta-T-Devices, Cambridge, England) and a thermometer (Taylor 14769 Digital LCD
folding thermometer), respectively, during each sampling event. Average daily minimum
and maximum air temperature and precipitation (mm) were collected by a nearby weather
station adjacent to the experimental site (3.8 miles away) and downloaded from the
National Climate Data Center’s Climate Data Online archive
(http://www.ncdc.noaa.gov/cdo-web/).
6.2.4. Statistical Analysis
Data on daily GHG fluxes, soil moisture and temperature were analyzed by repeated
measures analysis using PROC MIXED in SAS (2016). A compound symmetry
covariance structure was used for repeated measures. Sampling date was defined as a
repeated measure variable and each year was analyzed separately as there was large
sampling gap between the years. Each phase of cropping sequence was analyzed
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separately within each year. The treatments (CNT, CC, G and GP), date and their
interaction were considered as fixed effects, and replications were considered as random
effects. The treatment impacts on different soil parameters (pH, EC, SOC and TN) were
analyzed by one way ANOVA using the GLIMMIX procedure in SAS (2016) and the
treatment means are representative across cropping sequences. Cumulative GHG fluxes
were analyzed using the two way ANOVA using GLIMMIX procedure in SAS (2016),
considering treatments (CNT, CC, G and GP) as one factor and cropping sequence (C-SO, S-O-C and O-C-S) as other. The factors and their interaction were considered as fixed
effects and replications as random effects. Data were transformed when necessary using
the Box-Cox method in SAS (2016). Multiple linear regression analysis (Y = β0+ β1X1+
β2X2) were conducted to examine the relationship of soil temperature and soil water
content with CO2 and N2O fluxes using RStudio (RStudio, Inc., Boston, MA, USA).
Significance was determined at α = 0.05 level for all statistical analysis in this study.

6.3.

Results

6.3.1. Weather and Soil Properties
Average monthly precipitation and air temperature gathered for 2016-2018 are
shown in Fig. 6.1. Total precipitation was higher in 2016 (814.3 mm), followed by 2018
(787.4 mm) and 2017 (759.0 mm). However, growing season (May-October)
precipitation was higher in 2018 (661.7 mm), followed by 2017 (563.9 mm) and 2016
(538.5 mm). Growing season precipitation accounted for 52, 35 and 19% of the total
precipitation in 2016, 2017 and 2018, respectively.
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Growing season air temperature ranged from 10.6 to 23.1 °C, 9.7 to 24.14 °C and 7.1 to
22.7 °C in 2016, 2017 and 2018, respectively.
Data for average daily soil moisture is shown in Table 6.2. In C-S-O sequence,
during corn phase, CNT, CC and G had significantly higher soil moisture as compared to
the GP, averaged across measurement dates (Table 6.2). No significant differences were
observed among the treatments in soybean phase. During oat phase, the CC and G plots
had higher soil moisture content in comparison with GP, however, it was similar with that
of the CNT. In fallow/CC phase, there were no differences noticed in soil moisture
content among treatments. In S-O-C sequence, during soybean phase, G had significantly
higher soil moisture content as compared to the GP and similar with that of CNT and CC.
In oat and fallow/CC phase, no significant differences were observed among the
treatments. During corn phase, CNT, CC and G plots had higher soil moisture content in
comparison with GP (p<0.0001; Table 6.2). In O-C-S sequence, the treatments had
similar soil moisture content during fallow/CC and corn phase. However, in soybean
phase, it was higher in CNT, CC and G plots in comparison with GP. Data for average
daily soil temperature is shown in Table 6.3. In C-S-O sequence during corn phase, soil
temperature under GP was higher than that of the CNT, CC and G, averaged across
measurement dates (Table 6.3). No significant differences were observed among the
treatments in soybean phase. During oat phase and fallow/CC phase, GP had higher soil
temperature than the CNT, however, it was similar with that of the CC and G. In S-O-C
sequence, there were no differences noticed in soil temperature among treatments during
soybean, oats and fallow/CC phase. However, in corn phase, it was higher in CC plots as
compared to the GP, but was comparable with CNT and G. In O-C-S rotation, during
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fallow/CC and corn phase, CNT, CC, G and GP had similar soil temperature. However,
in soybean phase, CNT had higher soil temperature than that of the CC, G and GP.
Data for soil pH, EC, SOC and TN determined in 2018 at the end of each
sequence is shown in Table 6.4. Soil pH and EC did not differ among the treatments
under C-S-O, S-O-C and O-C-S sequences and ranged from 5.7 to 6.2 and 0.1 to 0.2 dS
m-1, respectively (Table 6.4). Higher SOC was recorded in GP than CNT, CC and G,
whereas in case of TN, no differences were recorded among treatments.

6.3.2. Carbon Dioxide Flux
Data on daily average CO2 fluxes under C-S-O, S-O-C and O-C-S sequences
during 2016-2018 is shown in Table 6.5. In C-S-O sequence, during corn phase, GP
showed higher CO2 fluxes (19.1 kg C ha-1 d-1) than CNT (12.2 kg C ha-1 d-1), CC (13.2 kg
C ha-1 d-1) and G (11.0 kg C ha-1 d-1). However, no differences were observed in CO2
fluxes among the treatments in soybean, oats and fallow/CC phases (Table 6.5). In S-O-C
sequence, under soybean and corn phase, CNT, CC and G had lower CO2 fluxes
compared with GP, though no differences were observed among CNT, CC and G. During
oats and fallow/CC phase, similar CO2 fluxes were observed among CNT, CC and G
plots, however GP had higher CO2 fluxes as compared to the CNT in these phases. In OC-S sequence, GP had greater CO2 fluxes than CNT under all the phases, except
fallow/CC phase. Under fallow/CC phase, CO2 fluxes were higher in G in comparison
with CNT and GP (Table 6.5), whereas CO2 fluxes were similar among CNT, CC and G
under corn and soybean phases. There was no interaction between date and treatments
observed in this study. Data on cumulative CO2 fluxes under different treatments
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averaged across rotation sequences during the growing seasons of 2016-2018 are shown
in Fig. 6.2. No effect of cropping sequences on cumulative CO2 fluxes and no interaction
between treatments and cropping sequences was recorded (p>0.05) and thus, Fig. 6.2
represented only the averaged values for the treatments across rotation sequences. Grazed
pasture showed greater cumulative CO2 fluxes than CNT, G and NG (p<0.05). However,
no differences were observed in cumulative CO2 fluxes among CNT, CC and G
treatments when averaged across rotation sequences.

6.3.3. Nitrous Oxide Flux
Data on daily average N2O fluxes under corn-soybean-oat (C-S-O), soybean-oatcorn (S-O-C) and oat-corn-soybean (O-C-S) sequences during 2016-2018 are shown in
Table 6.6. In C-S-O sequence, under corn and soybean phases, no differences were
observed in N2O fluxes among the treatments (Table 6.6). However, in oat and fallow/CC
phase, GP decreased the N2O fluxes compared with CNT, CC and G, though no
differences were observed in CNT, CC and G in these phases. In S-O-C sequence, N2O
fluxes were not affected by the treatments under soybean, oats and fallow/CC phases.
Under corn phase, lower N2O fluxes were recorded in GP in comparison with other
treatments. In O-C-S sequence, N2O fluxes were similar among all the treatments under
fallow/CC phase (Table 6.6). In corn phase, GP recorded lower N2O fluxes than that of
G, whereas in soybean phase, GP recorded lower N2O fluxes than that of CNT and G. No
interaction between date and treatments were observed. Similar to CO2 fluxes, no effects
due to cropping sequences on N2O fluxes and no interaction between treatments and
cropping sequences was observed (p>0.05). Data on cumulative N2O fluxes under
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different treatments averaged across rotation sequences during the growing seasons of
2016-2018 is shown in Fig. 6.3. The N2O fluxes were lower in CC and GP than that of
CNT and G, however, no differences were observed between CNT and G and between
CC and GP, averaged across rotation sequences.

6.3.4. Methane Flux
Data on daily average CH4 fluxes under corn-soybean-oat (C-S-O), soybean-oatcorn (S-O-C) and oat-corn-soybean (O-C-S) sequences during 2016-2018 are shown in
Table 6.7. Methane fluxes ranged from (-0.5 to 6.9 g C ha-1) over all treatments. The CH4
fluxes did not differ among treatments and were not different from zero flux, except in
soybean phase of S-O-C sequence, where the soils emitted CH4 in the GP treatment
(5.6±16 g C ha-1 d-1) and were CH4 neutral in the CC treatment (-1.1±17 g C ha-1 d-1)
(p=0.041; Table 6.7). Similar trend was observed in fallow/CC phase of O-C-S sequence,
where GP soils were CH4 emitters and CNT soils were CH4 neutral. No difference in
cumulative CH4 fluxes was recorded among treatments when averaged across rotation
sequences (Fig 6.3).

6.4.

Discussion

6.4.1. Soil Properties
The inclusion of cover crops and grazing in the C-S-O, S-O-C and O-C-S rotation
sequences did not influence the aboveground biomass in our study (data not shown),
which could be the reason behind similar soil moisture and temperature among the
treatments. Biomass accumulation at the soil surface can reduce evaporation, which can
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increase moisture content of the soils (Zhao et al., 2011). Further, biomass can alter the
soil temperature by affecting the shading intensity and radiant energy reaching the soil
surface (Barsotti et al., 2013). Our results are in accord with Abagandura et al. (2019),
who reported that grazing did not affect the moisture and temperature of the soil
compared to the ungrazed plots in North Dakota. Lower soil moisture and higher
temperature in GP was unexpected and possible explanation could be higher belowground biomass of perennial grasses present in the pasture which might have led to the
higher water consumption. Similar pH among all the treatments might be attributed to the
high clay content in the experimental soil, which resists drop or rise in pH due to greater
buffering capacity (Hati et al., 2007). Similar results were reported by Wang et al.
(2017){Wang, 2017 #67} and Liebig et al. (2006), who found no relationship of grazing
with soil pH, whereas other researchers have reported a significant drop in the soil pH
with grazing compared to the ungrazed treatments (Zhang et al., 2017). Soil organic
carbon did not differ among CNT, CC and G, and was higher in GP. The fine texture of
the soil might have acted to buffer SOC change (Byrnes et al., 2018) by lowering its
decomposition rate which resists the change in SOC (Vogel et al., 2015). Due to limited
and highly erratic production of above and belowground crop biomass with time, the
treatment impacts on soil properties take place very slowly (Liebig et al., 2010c) and the
current study period was not long enough to depict any changes in these properties.
Furthermore, no impact of treatments on above-ground biomass of rotational crops (data
not shown) in this study might explain the lack of differences in SOC and TN among
CNT, CC and G. All the crops were managed with no-till system which could also be the
reason behind no change in SOC values (Liebig et al., 2010c). Higher SOC under GP
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were likely caused by higher root biomass and root exudates of grasses that may
contribute to the total soil organic pool compared with other treatments. DuPont et al.
(2010) in their study in Great Plains reported higher SOC storage in perennial pastureland
compared with cropland managed under conservation tillage, and suggested that large
root-derived energy sources in pasturelands may contribute to accumulation of soil
carbon.

6.4.2. Carbon Dioxide Flux
Soil organic carbon present in the topsoil provides substrates for soil microbes to
respire, which can enhance CO2 fluxes (Bahn et al., 2008; Frank et al., 2006). The higher
SOC for the grassland over the cropland in this study might have increased the biological
activity in the soil, thus increasing respiration rates and CO2 fluxes. Although direct
measurement of root biomass under different treatments was not undertaken in this study,
previous studies have reported an enhanced fine root turnover under grasslands (Hebb et
al., 2017), leading to greater soil CO2 fluxes (Ford et al., 2021). The combined effect of
higher SOC and higher biomass inputs might have contributed to higher CO2 fluxes from
GP compared to other treatments in this study. Grasses in the pasture may contribute to
more readily decomposable forms of C or labile fractions of the C in the soil compared
with other crops in the rotation (Gamble et al., 2019). These labile C fractions can be
utilized as energy substrate by soil microbes and can be related positively to microbial
respiration (Ghani et al., 2003). No differences in CO2 fluxes among CNT, CC and G
treatments might be due to similar SOC and similar plant biomass under these treatments,
which are substrates for heterotrophic activity and can enhance the rates of soil

121

respiration and thus CO2 fluxes (Gamble et al., 2019; Tracy and Zhang, 2008).
Additionally, soil temperature was greater in GP, in general, than in other treatments in
different sequences (Table 6.3) which likely increased soil microbial activity and C
mineralization, thereby resulting in greater CO2 fluxes (Parkin and Kaspar, 2003).
Significantly positive relation between soil temperature and CO2 fluxes (p<0.001) shown
by multiple regression analysis further corroborate these findings.

6.4.3. Nitrous Oxide Flux
Lower N2O fluxes recorded in GP were likely due to no fertilizer application in
these plots during the whole study period. Several studies in the Western Corn Belt
reported higher N2O fluxes due to fertilizer application (Halvorson et al., 2008; Lehman
et al., 2017; Parkin and Kaspar, 2006). In general, low soil moisture recorded in GP
might also be the reason of low N2O fluxes in these plots as N2O fluxes were
significantly and positively correlated with soil moisture (p<0.001). Soil moisture effects
on N2O fluxes are associated with the limitations of O2 diffusion into the soil and
expansion of soil anaerobiosis, that promotes reductive microbial processes such as
denitrification (Luo et al., 2013). The CC in the system decreased the N2O fluxes which
may likely be due to the sequestration of residual N into the CC biomass (Abdalla et al.,
2018; Muhammad et al., 2019). These crops can also lower N2O production by absorbing
soil water in their living plant tissue, which in turn reduces denitrification (Basche et al.,
2016; Peyrard et al., 2016), though no impact of CC on soil moisture was recorded in this
study. The short-term grazing period probably resulted in low accumulation of manure
and urine which was not sufficient to alter N2O fluxes and might be the reason behind
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similar N2O fluxes observed between CNT and G plots. Our results are in accordance
with Liebig et al. (2010a); Singh et al. (2020), who found no difference in N2O fluxes
between ungrazed and grazed treatments due to their short-term grazing period. Different
researchers found mixed results related to grazing effects on N2O fluxes. For example,
Schönbach et al. (2012) reported decrease in N2O fluxes in grazed compared with
ungrazed treatments due to less soil moisture and temperature, while Barsotti et al. (2013)
reported that higher N2O fluxes in grazed treatments were probably due to fecal
deposition by grazing animals on the soil.

6.4.4. Methane Flux
The CH4 fluxes in this study varied both positively (atmospheric source) and
negatively (atmospheric sink) among the treatments, likely due to the soil water
fluctuations that can influence the emission and uptake of CH4 (Le Mer and Roger,
2001). Studies have reported that CH4 flux measurements are highly temporally variable,
even on an annual basis (Johnson et al., 2010; Liebig et al., 2010c). The oxidation and
production of CH4 can occur simultaneously in upland agricultural soils by
methanotrophic and methanogenic bacteria, though uptake has been reported to prevail
usually under dry and low soil moisture conditions (Wanyama et al., 2018). Furthermore,
the production and emission of CH4 in the soil are affected by various factors that include
soil moisture, temperature, texture and structure, availability of substrates, crop type,
fertilizer rates, and soil management practices (Kumar et al., 2014). Thus, upland soils
are minor emitters or minor sinks for CH4; therefore, management practices usually have
minor impacts on CH4 flux in the agricultural systems.
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6.5.

Conclusions
This study provided the insights on the impacts of short-term grazed cropping

systems that included cover crops and grazed pastures on GHG fluxes in Northern Great
Plains. Study outcomes indicated that inclusion of cover crops in the cropping systems
did not affect CO2 flux but decreased N2O flux. No difference in CO2 and N2O flux
between grazed and ungrazed cropland treatments was found. Grazed pasture increased
the CO2 flux but decreased N2O flux in this study. Methane flux was not influenced by
the treatments over the study period. Accordingly, the grazed pastures and cover crops
seem to be efficient at mitigating N2O flux from integrated crop-livestock systems. The
results of this study will add valuable information to the impact of short-term ICLS on
GHG emissions in Midwestern USA and data from such studies can be used in the
process-based models for assessing the long-term scenarios under ICLS. Future work is
still needed in regions with different soil properties, weather conditions, historical
cropping patterns, and management practices to determine the impact of cover crops and
grazing on GHG emissions.
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Table 6.1. Agronomic and grazing management information performed at the study site from 2016 through 2018.
Crop

Planting

Corn

19-May

Soybean

Variety/
Hybrid

Seed rate

Fertilizer
application
2016
20-May
(50 gal ac-1 UAN*)
-

Herbicide
application

Harvesting

18-May

31-Oct

30-June, 25-Jul

24-Oct

21-May

27-Jul

-

-

20-May

DKC4636
P28T08R

140,000 seeds ac-1

Oats

14-Apr

Hayden

40 kg ac-1

Cover crop
Pasture
mix**

2-Aug

6 kg ac-1

21-May
(25 gal ac-1 UAN)
-

17-May

12 kg ac-1

-

-

-

32,000 seeds ac-1

Grazing
period

8-14
Nov

2017
Corn

15-May

DKC5645

Soybean

26-May

P33T69R

140,000 seeds ac-1

-

3-Apr

Hayden

41 kg ac-1
7 kg ac-1

7-Apr
(30 gal ac-1 UAN)
2018

32,000 seeds ac-1

4-Jun
(40 gal ac-1 UAN)

15-May

17-Oct

140,000 seeds ac-1

-

15-May, 6-Jul,
20-Jul

3-Oct

36 kg ac-1

15-May
(25 gal ac-1 UAN)
-

25-Apr, 5-Jun,
8- Jun

3-Aug

-

-

Oats
Cover crop

14-Aug

Corn

7-May

Soybean

18-May

Oats

24-Apr

Cover crop

8-Aug

PIO
P03389A
M
AsGrow
AG19X8
Hayden

32,000 seeds ac-1

10-May
(41 gal ac-1 UAN)

12-May, 26-Jun

12-Oct

12-May, 5-Jul,
27-Jul

12-Oct

11-Apr, 1-Jun,
16-Jun

25-Jul

-

-

7 kg ac-1

*UAN- Urea ammonium nitrate **Pasture mix- was planted as a perennial in 2016 and grazed along with other crops

2-14
Nov

19-25
Oct
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Table 6.2. Average daily soil moisture (cm3 cm-3) under control (CNT), cover crops (CC), grazed cover crops and
crop residues (G) from corn-soybean-oat (C-S-O), soybean-oat-corn (S-O-C), oat-corn-soybean (O-C-S) sequences
and grazed pasture (GP) during the growing seasons of 2016-2018.
Treatment

2016

2017
Corn-Soybean-Oats (C-S-O)

2018

Fallow/CC
Phase
-------------------------------------------------------- cm3 cm-3-----------------------------------------------------CNT†
28.9 a (±5)††
25.2 a (±7)
26.6 ab (±10)
30.4 a (±6)
CC
29.6 a (±7)
25.7 a (±7)
27.8 a (±9)
30.1 a (±7)
G
29.3 a (±7)
25.1 a (±6)
28.6 a (±8)
28.4 a (±7)
GP
26.2 b (±4)
24.3 a (±9)
25.4 b (±10)
29.1 a (±7)
p-value
0.02
0.57
0.01
0.35
Soybean-Oats-Corn (S-O-C)
Soybean Phase
Oats
Fallow/CC Phase
Corn Phase
31.3 a (±7)
CNT
27.8 ab (±7)
10.7 a (±8)
26.4 a (±6)
CC
28.5 ab (±7)
12.6 a (±7)
28.1 a (±6)
32.7 a (±6)
G
29.1 a (±5)
9.2 a (±5)
26.2 a (±6)
30.9 a (±7)
GP
26.2 b (±4)
10.7 a (±5)
26.8 a (±7)
27.4 b (±9)
p-value
0.04
0.78
0.22
<0.0001
Oats-Corn-Soybean (O-C-S)
Oats
Fallow/CC Phase
Corn Phase
Soybean Phase
CNT
25.2 a (±5)
25.2 a (±8)
28.3 a (±9)
CC
26.4 a (±6)
26.3 a (±8)
28.9 a (±9)
G
26.3 a (±6)
25.9 a (±9)
28.6 a (±8)
GP
26.2 a (±4)
24.3 a (±9)
27.4 b (±9)
p-value
0.60
0.30
0.05
††
Mean values within the same column followed by different lowercase letters are significantly different at P<0.05 within the
treatments. Standard error values (±) are shown in the parentheses. †CNT corresponded to the rotation sequence without cover crops
and grazing, e.g. in C-S-O sequence, the CNT is corn-soybean-oats-fallow. CC corresponded to the non-grazed cover crops in
rotation sequence followed by oat, e.g. in C-S-O sequence, CC is corn-soybean-oats-cover crops. G corresponded to the grazing of
crop residues after grain harvest and of cover crops, e.g. in C-S-O sequence, G is corn/grazing- soybean/grazing-oats-cover
crops/grazing. GP was a mixture of perennial grasses that were grazed during the fall each year and was similar in all the rotation
sequences
Corn Phase

Soybean Phase

Oats
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Table 6.3. Average daily soil temperature (ºC) under control (CNT), cover crops (CC), grazed cover crops and crop
residues (G) from corn-soybean-oat (C-S-O), soybean-oat-corn (S-O-C), oat-corn-soybean (O-C-S) sequences and
grazed pasture (GP) during the growing seasons of 2016-2018.
Treatment

2016

2017
Corn-Soybean-Oats (C-S-O)

2018

Fallow/CC
Phase
-------------------------------------------------------- ºC -----------------------------------------------------CNT†
14.1 b (±4)††
18.2 a (±7)
22.8 b (±2)
15.6 b (±6)
CC
13.9 b (±5)
17.8 a (±7)
23.5 ab (±3)
15.9 ab (±6)
G
13.7 b (±5)
18.1 a (±7)
23.3 ab (±2)
15.8 ab (±7)
GP
14.8 a (±5)
18.3 a (±7)
24.7 a (±3)
16.3 a (±7)
p-value
0.04
0.97
0.03
0.03
Soybean-Oats-Corn (S-O-C)
Fallow/CC
Corn Phase
Soybean Phase
Oats
Phase
20.5 ab (±7)
CNT
14.2 a (±5)
28.9 a (±3)
16.9 a (±6)
CC
14.6 a (±4)
29.9 a (±5)
16.6 a (±5)
21.4 a (±8)
G
14.3 a (±4)
28.4 a (±5)
16.6 a (±5)
20.9 ab (±8)
GP
14.8 a (±5)
29.1 a (±4)
16.5 a (±6)
20.1 b (±7)
p-value
0.74
0.35
0.97
0.01
Oats-Corn-Soybean (O-C-S)
Oats
Fallow/CC Phase
Corn Phase
Soybean Phase
CNT
14.6 a (±5)
17.6 a (±7)
20.5 a (±7)
CC
14.5 a (±5)
17.6 a (±7)
19.9 b (±7)
G
13.6 a (±6)
17.4 a (±7)
19.6 b (±6)
GP
14.8 a (±5)
18.3 a (±7)
20.1 b (±7)
p-value
0.38
0.81
0.02
††
Mean values within the same column followed by different lowercase letters are significantly different at P<0.05 within the treatments.
Standard error values (±) are shown in the parentheses. †CNT corresponded to the rotation sequence without cover crops and grazing,
e.g. in C-S-O sequence, the CNT is corn-soybean-oats-fallow. CC corresponded to the non-grazed cover crops in rotation sequence
followed by oat, e.g. in C-S-O sequence, CC is corn-soybean-oats-cover crops. G corresponded to the grazing of crop residues after
grain harvest and of cover crops, e.g. in C-S-O sequence, G is corn/grazing- soybean/grazing-oats-cover crops/grazing. GP was a
mixture of perennial grasses that were grazed during the fall each year and was similar in all the rotation sequences
Corn Phase

Soybean Phase

Oats
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Table 6.4. Soil pH, electrical conductivity (EC), organic carbon (SOC) and total
nitrogen (TN) under control (CNT), cover crops (CC), grazed cover crops and
crop residues (G) and grazed pasture (GP) treatments averaged across rotation
sequences at 0–5 cm depth.
Treatment
CNT†
CC
G
GP
p-value
††

pH
5.86 a (± 0.15)††
5.88 a (± 0.14)
6.05 a (± 0.10)
5.72 a (± 0.30)
0.14

EC (dS m-1)
0.13 a (± 8.6)
0.11 a (± 12.8)
0.15 a (± 9.1)
0.10 a (± 24.0)
0.58

SOC (g kg-1)
27.2 b (± 0.09)
27.0 b (± 0.04)
26.0 b (± 0.04)
32.2 a (± 0.11)
0.05

TN (g kg-1)
2.9 a (± 0.02)
2.8 a (± 0.02)
2.9 a (± 0.01)
3.0 a (± 0.01)
0.37

Mean values within the same column followed by different lowercase letters are significantly
different at P<0.05 within the treatments. Standard error values (±) are shown in the parentheses.
†
CNT corresponded to the rotation sequences without cover crops and grazing. CC corresponded to
the non-grazed cover crops in rotation sequences followed by oat. G corresponded to the grazing of
crop residues after grain harvest and of cover crops. GP was a mixture of perennial grasses that
were grazed during the fall each year and was similar in all the rotation sequences
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Table 6.5. Average daily soil surface CO2 fluxes under control (CNT), cover crops (CC), grazed cover crops and crop
residues (G) from corn-soybean-oat (C-S-O), soybean-oat-corn (S-O-C), oat-corn-soybean (O-C-S) sequences and grazed
pasture (GP) during the growing seasons of 2016-2018.
Treatment

2016

2017
Corn-Soybean-Oats (C-S-O)

2018

Fallow/CC
Phase
--------------------------------------------------------kg C ha-1 d-1-----------------------------------------------------CNT†
12.2 b (±8)††
18.0 a (±11)
33.9 a (±18)
20.9 a (±15)
CC
13.2 b (±8)
19.6 a (±13)
30.9 a (±17)
21.9 a (±14)
G
11.0 b (±6)
17.4 a (±11)
27.4 a (±17)
21.1 a (±13)
GP
19.1 a (±10)
21.5 a (±10)
32.2 a (±18)
23.4 a (±14)
p-value
0.001
0.10
0.32
0.25
Soybean-Oats-Corn (S-O-C)
Fallow/CC
Corn Phase
Soybean Phase
Oats
Phase
18.9 b (±15)
CNT
12.4 b (±8)
17.6 b (±10)
15.3 b (±8)
CC
9.5 b (±6)
19.0 ab (±10)
17.1 ab (±10)
20.1 b (±15)
G
10.1 b (±7)
18.7 b (±13)
17.3 ab (±8)
23.0 b (±17)
GP
19.1 a (±11)
33.9 a (±14)
19.4 a (±8)
26.9 a (±17)
p-value
0.0003
0.03
0.01
0.001
Oats-Corn-Soybean (O-C-S)
Oats
Fallow/CC Phase
Corn Phase
Soybean Phase
CNT
18.6 b (±13)
16.2 b (±13)
19.4 b (±15)
CC
22.0 ab (±14)
19.0 ab (±12)
18.9 b (±14)
G
27.2 a (±16)
17.7 b (±11)
17.6 b (±14)
GP
19.1 b (±11)
21.5 a (±10)
26.9 a (±17)
p-value
0.05
0.01
<0.0001
††
Mean values within the same column followed by different lowercase letters are significantly different at P<0.05 within the treatments.
Standard error values (±) are shown in the parentheses. †CNT corresponded to the rotation sequence without cover crops and grazing, e.g. in
C-S-O sequence, the CNT is corn-soybean-oats-fallow. CC corresponded to the non-grazed cover crops in rotation sequence followed by
oat, e.g. in C-S-O sequence, CC is corn-soybean-oats-cover crops. G corresponded to the grazing of crop residues after grain harvest and of
cover crops, e.g. in C-S-O sequence, G is corn/grazing- soybean/grazing-oats-cover crops/grazing. GP was a mixture of perennial grasses
that were grazed during the fall each year and was similar in all the rotation sequences
Corn Phase

Soybean Phase

Oats
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Table 6.6. Average daily soil surface N2O fluxes under control (CNT), cover crops (CC), grazed cover crops and crop
residues (G) from corn-soybean-oat (C-S-O), soybean-oat-corn (S-O-C), oat-corn-soybean (O-C-S) sequences and
grazed pasture (GP) during the growing seasons of 2016-2018.
Treatment

2016

CNT†
CC
G
GP
p-value

CNT
CC
G
GP
p-value

CNT
CC
G
GP
p-value
††

Oats
-

2017
2018
Corn-Soybean-Oats (C-S-O)
Corn Phase
Soybean Phase
Oats
Fallow/CC Phase
-----------------------------------------------------g N ha-1 d-1---------------------------------------------------5.8 a (±3)††
4.2 a (±5)
17.8 a (±17)
12.4 a (±12)
4.9 a (±4)
5.4 a (±4)
17.7 a (±15)
13 a (±12)
5.5 a (±3)
5.5 a (±5)
19.4 a (±19)
15.1 a (±11)
5.8 a (±5)
4.4 a (±5)
10.6 b (±10)
8.4 b (±7)
0.37
0.25
0.002
0.003
Soybean-Oats-Corn (S-O-C)
Soybean Phase
Oats
Fallow/CC Phase
Corn Phase
14.2 a (±14)
5.8 a (±4)
3.1 a (±2)
7.3 a (±7)
4.3 a (±3)
4.1 a (±4)
5.5 a (±8)
13.9 a (±11)
4.5 a (±3)
6.0 a (±3)
6.8 a (±4)
16.9 a (±13)
5.8 a (±5)
2.4 a (±2)
4.8 a (±5)
9.7 b (±9)
0.36
0.32
0.12
0.0003
Oats-Corn-Soybean (O-C-S)
Fallow/CC Phase
Corn Phase
Soybean Phase
5.0 a (±5)
5.8 ab (±4)
13.4 a (±14)
5.2 a (±4)
5.5 ab (±4)
10.3 b (±10)
7.2 a (±5)
6.3 a (±6)
13.0 a (±12)
5.8 a (±5)
4.4 b (±5)
9.7 b (±9)
0.66
0.05
0.004

Mean values within the same column followed by different lowercase letters are significantly different at P<0.05 within the treatments.
Standard error values (±) are shown in the parentheses. †CNT corresponded to the rotation sequence without cover crops and grazing, e.g. in
C-S-O sequence, the CNT is corn-soybean-oats-fallow. CC corresponded to the non-grazed cover crops in rotation sequence followed by oat,
e.g. in C-S-O sequence, CC is corn-soybean-oats-cover crops. G corresponded to the grazing of crop residues after grain harvest and of cover
crops, e.g. in C-S-O sequence, G is corn/grazing- soybean/grazing-oats-cover crops/grazing. GP was a mixture of perennial grasses that were
grazed during the fall each year and was similar in all the rotation sequences
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Table 6.7. Average daily soil surface CH4 fluxes under control (CNT), cover crops (CC), grazed cover crops and crop
residues (G) from corn-soybean-oat (C-S-O), soybean-oat-corn (S-O-C), oat-corn-soybean (O-C-S) sequences and grazed
pasture (GP) during the growing seasons of 2016-2018.
Treatment

2016

2017
2018
Corn-Soybean-Oats (C-S-O)
Fallow/CC Phase
Corn Phase
Soybean Phase
Oats
------------------------------------------------------g C ha-1 d-1---------------------------------------------------CNT†
5.1 a (±14)††
3.1 a (±9)
4.1 a (±13)
7.8 a (±15)
CC
0.9 a (±13)
4.7 a (±11)
7.6 a (±16)
6.0 a (±16)
G
-0.5 a (±11)
6.2 a (±11)
0.9 a (±16)
6.3 a (±16)
GP
5.6 a (±16)
3.1 a (±8)
4.4 a (±16)
6.5 a (±13)
p-value
0.02
0.31
0.15
0.87
Soybean-Oats-Corn (S-O-C)
Fallow/CC
Corn Phase
Soybean Phase
Oats
Phase
6.1 a (±15)
CNT
1.1 ab (±13)
6.6 a (±13)
2.8 a (±13)
CC
-1.1 b (±17)
4.8 a (±8)
2.5 a (±10)
5.9 a (±18)
G
1.4 ab (±14)
-6.2 a (±14)
4.1 a (±10)
4.6 a (±17)
GP
5.6 a (±16)
3.1 a (±9)
3.1 a (±8)
5.4 a (±14)
p-value
0.04
0.14
0.86
0.87
Oats-Corn-Soybean (O-C-S)
Oats
Fallow/CC Phase
Corn Phase
Soybean Phase
CNT
-1.5 b (±16)
0.3 a (±12)
5.1 a (±16)
CC
2.7 ab (±16)
1.8 a (±10)
6.9 a (±16)
G
5.4 a (±13)
3.3 a (±9)
9.0 a (±15)
GP
5.6 a (±16)
3.1 a (±8)
5.4 a (±17)
p-value
0.03
0.56
0.98
††
Mean values within the same column followed by different lowercase letters are significantly different at P<0.05 within the treatments.
Standard error values (±) are shown in the parentheses. †CNT corresponded to the rotation sequence without cover crops and grazing, e.g. in
C-S-O sequence, the CNT is corn-soybean-oats-fallow. CC corresponded to the non-grazed cover crops in rotation sequence followed by oat, e.g.
in C-S-O sequence, CC is corn-soybean-oats-cover crops. G corresponded to the grazing of crop residues after grain harvest and of cover crops,
e.g. in C-S-O sequence, G is corn/grazing- soybean/grazing-oats-cover crops/grazing. GP was a mixture of perennial grasses that were grazed
during the fall each year and was similar in all the rotation sequences
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Table 6.8. Species of cover crops and grazed pasture used in this study for 2016-2018.

Cover Crop

Radish
(Raphanus sativus)
Winfred brassica
(Brassica napus)
Proso millet
(Panicum miliaceum)
Rapeseed (Brassica napus)
Sunflower (Helianthus)
Foxtail millet
(Setaria italic)
Common vetch
(Vicia sativa)
Winter pea
(Pisum sativum subsp. Arvense)
Flax
(Linum usitatissimum)
Annual ryegrass
(Lolium multiflorum)
Sorghum
(Sorghum bicolor)
Sun hemp
(Crotalaria juncea)
Triticale (Triticosecale)
Barley (Hordeum vulgare)
Pearl millet
(Pennisetum glaucum)
Lentil (Lens culinaris)
Cowpea
(Vigna unguiculata)

%
of
Mix
24.3
10.9
9.7
9.7
9.7
7.3
3.9
3.3
3.2
3.2
2.9
2.6
2.1
1.9
1.9
1.6
1.6

Pasture

% of Mix

Late maturing orchardgrass
(Dactylis glomerata L.)
STF 43 Tall Forage Fescue
(Festuca arundinacea)
Perennial Ryegrass
(Lolium perenne)
Timothy (Phleum pretense)
Meadow Brome
(Bromus commutatus)
Atom Brome (Bromus willdenowii)

20

Meadow Fescue (Festuca pratensis)

10

20
15
15
10
10
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Fig. 6.1. Monthly average precipitation (PRCP), air maximum (TMAX) and
minimum temperature (TMIN) for the 2016, 2017 and 2018.
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Fig. 6.2. Cumulative CO2 fluxes under control (CNT), cover crops (CC), grazed cover
crops and crop residues (G) averaged across rotation sequences and grazed pasture (GP)
treatments during the growing seasons of 2016-2018. Different letters indicate a
treatment difference (P<0.05).
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Fig. 6.3. Cumulative N2O fluxes under control (CNT), cover crops (CC), grazed cover
crops and crop residues (G) averaged across rotation sequences and grazed pasture (GP)
treatments during the growing seasons of 2016-2018. Different letters indicate a
treatment difference (P<0.05).
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Fig. 6.4. Cumulative CH4 fluxes under control (CNT), cover crops (CC), grazed cover
crops and crop residues (G) averaged across rotation sequences and grazed pasture (GP)
treatments during the growing seasons of 2016-2018. Different letters indicate a
treatment difference (P<0.05).
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CHAPTER 7
DAYCENT PREDICTED NITROUS OXIDE FLUXES FROM CORN AND
SOYBEAN PHASES OF A CORN-SOYBEAN-OAT ROTATION
ABSTRACT
Accurate estimation of nitrous oxide (N2O) fluxes requires extensive monitoring which
can be laborious and expensive. Therefore, process-based models can play major role in
predicting the soil surface N2O fluxes under diverse soils, management and
environmental conditions. Daycent is a process-based ecosystem model that simulates
N2O emissions, soil water and temperature dynamics along with other processes. This
study was conducted to predict soil temperature, moisture and N2O fluxes using the
Daycent model under corn and soybean phases of a corn-soybean-oat rotation. Soil
surface N2O fluxes were monitored using static closed chamber technique from
September to November in 2016, July to October in 2017 and April to October in 2018.
Soil moisture and temperature values at 0-5 cm were measured using a HH2 moisture
sensor and a thermometer, respectively, during each sampling event. Modeling results
showed that Daycent accurately predicted soil temperature (r = 0.84 for corn and r = 0.77
for soybean phases), however, predictions for soil moisture content (r = 0.31 for corn and
r = 0.22 for soybean) and N2O emissions (r = 0.37 for corn and r = 0.05 for soybean)
were generally lower than the measured values during most of the experimental period. A
future study needs to further improve the calibration and validation of the Daycent model
using extensive measured N2O emissions data to develop the long-term scenarios for
mitigating the N2O fluxes under diverse crop rotations.
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7.1.

Introduction
Agricultural activities are a major contributor to anthropogenic nitrous oxide

(N2O) emissions (EPA, 2018). The contributions of N2O to global warming potential are
300 times greater than that of CO2 (Stocker, 2014). Nitrification and denitrification are
the main pathways those are responsible for the production of N2O emissions
(Butterbach-Bahl et al., 2013). Nitrification is carried out by autotrophic bacteria those
available in well-aerated soils with moderate water contents. The higher amount of water
in the soils limits the amount of oxygen in the soil and is largely affected by NH4+ supply.
It is considered as a primary source of N2O when water-filled pore space (WFPS) is
between 30-60% (Jin et al., 2014). Denitrification depends on anaerobic heterotrophic
bacteria and occurs when there is available labile organic C and nitrate source, and
anaerobic soil conditions. Apart from this, soil nitrogen (N) inputs, pH, WFPS, tillage,
temperature and legume based cropping systems have been identified as N2O controlling
parameters (Bayer et al., 2015; Giles et al., 2012). Temporary peaks of N2O emissions
have been observed followed by events of rainfall, fertilization events, and freeze–thaw
cycles (Gregorich et al., 2008).
The agricultural component of national GHG emission inventory requires
estimation of GHG fluxes from major crop production areas. However, accurate
estimation of soil N2O emissions from field measurements are challenging and require
complex sampling protocols that have limited practicability due to cost, time and
technical constraints (Weiler et al., 2017). Moreover, there is uncertainty associated with
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measurement techniques of soil N2O emissions due to high temporal and spatial
variability and episodic nature of soil N2O emissions. Mathematical or simulation models
can offer a valuable alternative approach to direct measurements of N2O emissions.
These models can allow prediction of N2O emissions responses to climate, soil and crop
management change and provide theoretical estimation of how these changes may
influence net N2O emissions. Various methods such as emission factor models which are
based on part of N inputs emitted as N2O (Hergoualc’h et al., 2019), empirical equationbased models (Roelandt et al., 2005; Sozanska et al., 2002) and process-based
biogeochemical models (Ehrhardt et al., 2018; Gaillard et al., 2018) have been developed
to simulate or predict N2O emissions. Daycent is a process-based ecosystem model that
simulates exchange of carbon, nutrients, and trace gases among the atmosphere, soil, and
plants. It can estimate several variables such as soil temperature, moisture, and N2O
emissions, among others (Del Grosso et al., 2001; Parton et al., 1998).
Thus, the purpose of this study was to compare temporal variations in measured
daily N2O fluxes along with soil moisture and temperature which are major drivers of
N2O production, from an experimental corn and soybean field with the predicted values
of these variables obtained from the Daycent model on a daily time step.

7.2.

Materials and Methods
A field experiment was initiated in 2016 at Southeast Research Farm near

Beresford, South Dakota (43°05’N, 97°00’W and 457 m above mean sea level). The soil
of the site was well-drained (slope<1%) Egan (Fine-silty, mixed, superactive, mesic Udic
Haplustolls)-Trent (Fine-silty, mixed, superactive, mesic Pachic Haplustolls) silty clay
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loam. The parent material of soils is glacial till and the pH2:1 and EC2:1 of surface 15 cm
soil was 6.7 and 1 dSm-1, respectively. Study site was located on the border between ustic
and udic soil moisture regimes and mesic and frigid soil temperature regime. The Köppen
climate classification of the experimental site is warm humid continental with warm and
humid summers, and cold and snowy winters with average annual precipitation of 655
mm, average annual maximum and minimum temperature of 15ºC and 2ºC, respectively
(67-yr average, (SERF, 2020). The plots were managed with no-till and included a cornsoybean system.
Soil surface N2O fluxes were monitored using static closed chamber technique
(Parkin and Venterea, 2010) from September to November in 2016, July to October in
2017 and April to October in 2018. Gas samples were collected once a week in 2016 and
2017 and twice a week in 2018, depending upon weather conditions. Vented polyvinyl
chloride (PVC) anchors (diameter-25 cm and height-15cm), were installed to a depth of 5
cm between the crop rows with minimum soil disturbance, and were only removed during
the field operations. The anchors were covered with lids having a septum for sample
collection and a vent tube for preventing pressure perturbations inside the anchors during
sampling. Gas sampling was done between 8:00 am and noon to minimize the effect of
diurnal variations on N2O fluxes. Samples were collected at 0, 20, and 40-min intervals
using syringe and transferred into 10 ml argon-filled sterilized vials sealed with a gastight septum. Nitrous oxide concentrations were determined by gas chromatography (GC2014; Shimadzu, Columbia, MD, USA) using an electron capture detector. The N2O
fluxes were calculated by linear regression when concentration vs. time data was linear
and by algorithm of Hutchinson and Mosier (1981) when concentration vs. time data was
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curvilinear. During each sampling time, soil moisture and temperature at 0-5 cm was
measured using a HH2 moisture sensor (Delta-T-Devices, Cambridge, England) and a
thermometer (Taylor 14769 Digital LCD folding thermometer), respectively.
Daycent is an extended daily version of the biogeochemical CENTURY soil
organic matter model (Parton et al., 1998) created to simulate the biogeochemical cycles
at a point scale (Del Grosso et al., 2001). It simulates major carbon and soil nutrients
(nitrogen, phosphorus, and sulfur) exchange between the soil–plant–atmosphere
interfaces. Daycent includes several submodels that predict GHG emissions, plant
productivity and soil organic carbon, soil water and soil temperature dynamics (Parton et
al., 1998). The model inputs include daily maximum and minimum air temperature, daily
precipitation, soil texture, pH, hydraulic properties, land use history and management
data (e.g. fertilization, tillage, harvest) (Del Grosso et al., 2011). Nitrogen gas fluxes
simulated by this model resulting from nitrification and denitrification are controlled by
different soil parameters such as ammonium, nitrate, and labile carbon and soil water and
temperature (Parton et al., 2001). A more detailed description of the daycent model can
be found in Del Grosso et al. (2011) and Parton et al. (2001).
The site-specific parameters (Table 7.1) and climate data collected from a weather
station adjacent to the experimental site (about 6 km away) and downloaded from the
National Climate Data Center’s Climate Data Online archive
(http://www.ncdc.noaa.gov/cdo-web/) (Fig. 7.1) were used to run the model. The model
was initially run for 4000 years with grass parameterization (GI4) comprised of a blend
of grasses (25% warm and 75% cool) to initialize the soil carbon (C) and nutrient pools
before the experimental period. It was followed by simulations starting from 1960, which
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included all management events (planting, tillage, harvesting, fertilizer) reported in the
experiment. A comparison of the temporal patterns of the predicted and measured daily
N2O emissions was performed using correlation analyses (RStudio, Inc., Boston, MA,
USA).

7.3.

Results and Discussion

7.3.1. Soil Temperature and Moisture
Predicted soil water content and measured soil water content for 0-5 cm depth
under corn and soybean cropping system in 2016, 2017 and 2018 are presented in Fig.
7.2. Comparison of the measured soil temperatures with the Daycent-predicted
temperatures showed that Daycent model correctly predicted the soil temperature for corn
and soybean in all the years (Fig. 7.2). The correlation coefficients for the measured vs.
predicted temperatures were 0.84 and 0.77 for corn and soybean, respectively. Regardless
of good correlation, predicted temperatures were lower than measured for both of the
crops in 2016 (Fig. 7.2). Predicted soil water content and measured soil water content for
0-5 cm soil layer under corn and soybean are shown in Fig. 7.3. The correlation between
predicted and measured soil water content was low with r = 0.31 and 0.22 and 0.01 for
corn and soybean, respectively. Generally, predicted soil water content was lower than
measured soil water content in 2018.
The Daycent model has been evaluated for soil temperature and moisture content
in several studies. Jarecki et al. (2008) reported good correlation between predicted and
measured soil temperature (r = 0.96), but less correlation between measured and
predicted soil water content (r = 0.26) in corn cropping system. Similarly, Parton et al.

147

(2001) found that Daycent observed favorable predictions of soil temperature (r2 = 0.79),
but reported less agreement of predicted data with measured data (r2 = 0.27) for soil
moisture. Daycent model estimation of soil temperature and water content in this study
was similar to the previous studies.

7.3.2. Nitrous Oxide Emissions
Predicted and measured daily N2O emissions over the sampling period for corn
and soybean in 2016, 2018 and 2018 are shown in Fig. 7.4. The N2O emission peaks
occurred in response to rainfall and fertilizer events during the sampling period. In 2016
and 2017, daily predicted N2O fluxes by the Daycent model generally followed the trend
of measured emissions in corn and soybean. Daycent model correctly predicted N2O
emissions peaks in June, however, model underestimated N2O emissions from July to
September during corn growing season in 2018. In case of soybean, the predicted N2O
emissions were lower than measured values throughout the sampling period in 2018.
Parton et al. (2001) reported regression coefficients between 0.02 and 0.19 for
measured vs. predicted daily N2O emissions assessments at five sites in Colorado. Similar
findings were observed when Daycent predictions were compared with N2O flux data
from no-till and conventional till systems in Nebraska (Del Grosso et al., 2002). Another
study found that predicted N2O emissions from a corn field was not in agreement with
measured data and had regression and correlation coefficients of 0.04 and 0.37,
respectively (Jarecki et al., 2008). Regardless of the low correlation between measured
and predicted daily fluxes, these investigators reported a close match between measured
cumulative annual estimates and estimates obtained with the model. In accordance with

148

these reported studies, we observed a low correlation between measured and predicted
daily N2O fluxes for corn and soybean (r = 0.37 and 0.05, respectively). There may be
several reasons why the Daycent model underestimated daily N2O emissions. Daycentpredicted soil water content did not accurately reflect our measurements. This might have
affected N2O predictions since N2O emissions are sensitive to soil moisture conditions.
Differences between predicted and measured soil water content might not be the only
reason for low correlation between predicted and measured fluxes. Another potential
issue suggested by Jarecki et al. (2008) is related to the effect of fertilizer placement on
N2O emissions modeling. Daycent incorporates fertilizer addition in the form of fertilizer
N (NH4+/NO3−) as an input; however, does not incorporate the method of fertilizer
application which take into account the spatial variations in the surface soil. Del Grosso
et al. (2008) concluded that Daycent N2O predictions could be improved by adjusting the
nitrification and denitrification subroutines, by raising the minimum threshold of soil
NH4+ required for nitrification to occur or by modifying minimum and maximum
proportion of nitrified N lost as N2O.

7.4.

Conclusions
We evaluated the Daycent model to simulate soil temperature, moisture and N2O

emissions in corn and soybean crop phases of a corn-soybean-oat rotation. Daycent
model was used to predict N2O fluxes from corn and soybean phases each for three years
(2016-2018) under a corn-soybean-oat rotation. Data showed that Daycent model
correctly simulated the soil temperature in corn and soybean however, the predicted soil
moisture content and N2O emissions data were not in agreement with the measured data.
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A future study needs to be extended to calibrate and validate Daycent model using
extensive and continuous measured N2O emissions data points and to use this model for
accurate predictions of N2O emissions. Continued efforts are required to assess Daycent
models over a wide range of climate, soil and management systems.
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Table 7.1. Average basic soil properties in the 0-15 cm layer for the study site.
Soil Property
pH
Bulk density Mg m−3
Sand (g kg−1 soil)
Clay (g kg−1 soil)
Organic carbon (g C kg−1 soil)
Water field capacity (cm3 water cm−3 soil)
Permanent wilting point (cm3 water cm−3 soil)
Saturated hydraulic conductivity (cm h−1)

Range
6.7 - 7.0
1.25 1.40
70
310
20 - 35
0.37
0.15
2-9

152

Fig. 7.1. Measured maximum and minimum daily air temperature (a) and precipitation
(b).
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Fig. 7.2. Measured and Daycent predicted soil temperature at 0-5 cm depth for corn and
soybean phases.
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Fig. 7.3. Measured and Daycent predicted soil moisture at 0-5 cm depth for corn and
soybean phases.
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Fig. 7.4. Measured and Daycent predicted soil surface nitrous oxide (N2O) fluxes for corn
and soybean phases.
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CHAPTER 8
CONCLUSIONS
A study was conducted in eastern South Dakota to investigate the integrated croplivestock impacts on soil C and N pools, soil physical and hydrological properties, CTmeasured soil porosity and greenhouse gas fluxes.
The following conclusions were drawn from this study:
Study 1 – Soil C and N Pools
This study was conducted on three long-term on-farm sites (≥30 years) and one shortterm (3 years) experimental site to evaluate the impacts of ICLS on labile C and N
fractions and β-glucosidase enzyme activity.
1.

Long-term integrated crop-livestock system (ICLS) (> 30 years) increased hot
water extractable organic carbon, hot water extractable nitrogen, cold water
extractable organic carbon, cold water extractable nitrogen, microbial biomass
carbon, microbial biomass nitrogen, potential carbon mineralization, potassium
permanganate oxidizable carbon and β-glucosidase activity than the traditional
corn-soybean system. However, in general, short-term (3 years) ICLS did not
impact labile C and N fractions.

2.

Soil organic carbon and total nitrogen was positively and strongly correlated with
other C and N fractions, except potassium permanganate oxidizable carbon.

Study 2 – Soil Physical and Hydrological Properties
Three on-farm long-term (>30 years) and one short-term (3 years) experimental site were
selected to evaluate the impacts of ICLS on soil physical and hydrological properties.
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1.

Inclusion of cover crops and livestock for long-term (> 30 years) in the traditional
corn-soybean system improved soil physical and hydrological properties.

2.

Long-term ICLS increased soil organic carbon, macroporosity, total porosity,
infiltration rate, estimated hydraulic conductivity and decreased soil bulk density
and penetration resistance than corn-soybean system. However, short-term (3
years) ICLS in general, did not impact these properties.

Study 3 – Micro Computed Tomography- Measured Soil Porosity
On-farm long-term (>30 years) study site was selected to assess soil pore structural
parameters under ICLS using X-ray computed microtomography.
1.

The 3D visualization showed that soils under native pasture and ICLS are
generally highly porous than those under traditional corn-soybean system.

2.

Inclusion of cover crops and livestock in the croplands had higher porosity, lower
degree of anisotropy and tortuosity than the corn-soybean system.

3.

Large part of the porosity was comprised of >10 mm3 pores for all the
management systems and was higher in ICLS than the corn-soybean system.

4.

The largest contribution of triaxial shaped pores to porosity and number of pores
were found under all the management systems.

Study 4 – Soil Surface Greenhouse Gas Emissions
This study was conducted on short-term (3 years) experimental site to determine the
impact of short-term cover cropping, grazing of cover crops, crop residues and pasture on
soil surface GHG emissions.
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1.

Inclusion of cover crops in the cropping systems did not affect carbon dioxide
(CO2) flux but decreased nitrous oxide (N2O) flux.

2.

No difference in CO2 and N2O flux between grazed and ungrazed cropland
treatments was found.

3.

Grazed pasture increased the CO2 flux but decreased N2O flux in this study.

4.

Methane flux was not influenced by the treatments over the study period.

5.

Grazed pasture and cover crops seem to be efficient at mitigating N2O flux from
ICLS.

Study 4 – Daycent Simulated Soil Water Content and Temperature and Nitrous Oxide
Emissions
This study was conducted to predict soil temperature, moisture and N2O fluxes using the
Daycent model under corn and soybean phases of a corn-soybean-oat rotation.
1.

Daycent model correctly simulated the soil temperature in corn and soybean (r =
0.84 for corn and r = 0.77 for soybean).

2.

Predicted soil moisture content (r = 0.31 for corn and r = 0.22 for soybean) and
N2O (r = 0.37 for corn and r = 0.05 for soybean) emissions data were not in
agreement with the measured data in corn and soybean.

SUMMARY
This study was conducted to evaluate the integrated crop-livestock impacts on soil
C and N pools, soil physical and hydrological properties, CT-measured soil porosity and
greenhouse gas fluxes. Inclusion of multi-species cover crops and livestock grazing of
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cover crops and corn residue under corn-soybean system for long-term (> 30 years) was
effective in enhancing labile C and N fractions in the soil. A strong correlation between
SOC and other fractions suggested that the labile fractions of C and N can be considered
as an indicator of SOC changes. The enhancement in SOC content under ICLS further
improved soil physical and hydrological properties. Improvement in soil physical quality
through ICLS can increase efficiency and sustainability of the production systems. X-ray
micro-computed tomography provided a detailed characterization of the soil porous
system at the micrometric scale. Inclusion of cover crops and livestock in the croplands
led to higher porosity, lower degree of anisotropy and tortuosity than the corn-soybean
system. This type of information is important as transmission of water and gases through
the soil largely depends on soil pore network. Grazed pasture and cover crops seem to be
efficient in mitigating N2O fluxes from integrated crop-livestock systems. Soil water,
temperature and N2O flux data from corn and soybean was used to compare the simulated
data from process-based Daycent model. Modeling results showed that Daycent
accurately predicted soil temperature (r = 0.84 for corn and r = 0.77 for soybean),
however, predictions for soil moisture content (r = 0.31 for corn and r = 0.22 for soybean)
and N2O emissions (r = 0.37 for corn and r = 0.05 for soybean) were generally lower than
the measured values during most of the experimental period. A further improvement in
calibration and validation of Daycent model is required using extensive and continuous
N2O emissions data to use this model for accurate predictions of N2O emissions.
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APPENDIX 1
A1.1. Soil organic carbon (SOC), total nitrogen (TN), bulk density (ρb), soil penetration resistance (SPR), macropores,
coarse-mesopores, fine-mesopores, micropores, and total pores as influenced by control (CNT), integrated crop-livestock
system (ICLS) and grazed pasture (GP) systems for the 0-5 cm depth at study site 1 and used in Chapter 4. Note: TRT,
Treatment and REP, Replication.

TRT

REP

SOC
(g kg-1)

CNT
CNT
CNT
CNT
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

1
2
3
4
1
2
3
4
1
2
3
4

22.4
22.6
22.7
22.6
28.7
26.1
27.7
27.6
44.3
44.8
45.1
44.9

TN
(g kg-1)

ρb
(Mg m-3)

SPR
(MPa)

1.85
1.86
1.77
1.83
1.81
1.76
1.85
1.83
2.95
3.98
2.71
2.62

1.45
1.50
1.56
1.50
1.27
1.25
1.24
1.25
1.02
0.76
0.91
0.90

1.09
1.12
1.02
1.05
0.62
0.87
0.62
0.69
0.62
0.70
0.48
0.64

Macro
CoarseFineMicro
pores mesopores mesopores pores
Site 1
0.010
0.039
0.065
0.332
0.008
0.024
0.066
0.323
0.011
0.024
0.038
0.324
0.010
0.029
0.057
0.326
0.021
0.064
0.071
0.366
0.021
0.033
0.047
0.428
0.014
0.040
0.070
0.407
0.019
0.046
0.063
0.400
0.025
0.029
0.104
0.457
0.026
0.034
0.096
0.479
0.027
0.039
0.088
0.502
0.026
0.034
0.096
0.479

Total
pores
0.447
0.421
0.397
0.422
0.522
0.528
0.530
0.527
0.615
0.636
0.656
0.636
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A1.2. Soil organic carbon (SOC), total nitrogen (TN), bulk density (ρb), soil penetration resistance (SPR), macropores,
coarse-mesopores, fine-mesopores, micropores, and total pores as influenced by control (CNT), integrated crop-livestock
system (ICLS) and grazed pasture (GP) systems for the 0-5 cm depth at study sites 2 and used in Chapter 4. Note: TRT,
Treatment and REP, Replication.

TRT

REP

SOC
(g kg-1)

CNT
CNT
CNT
CNT
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

1
2
3
4
1
2
3
4
1
2
3
4

30.7
30.3
31.4
30.3
38.0
36.0
40.0
38.0
60.5
70.8
55.6
58.5

TN
(g kg-1)

ρb
(Mg m-3)

SPR
(MPa)

3.02
3.15
2.87
3.07
2.63
2.62
2.64
2.63
5.67
6.43
5.14
5.52

1.35
1.33
1.26
1.32
1.12
1.13
1.11
1.12
0.89
0.88
0.83
0.89

0.95
1.11
1.35
1.53
0.68
0.85
1.14
1.14
0.78
0.75
0.93
0.97

Macro
CoarseFineMicro
pores mesopores mesopores pores
Site 2
0.003
0.041
0.037
0.469
0.001
0.032
0.012
0.453
0.001
0.030
0.017
0.477
0.002
0.034
0.022
0.466
0.014
0.052
0.031
0.503
0.022
0.096
0.055
0.495
0.018
0.074
0.043
0.499
0.018
0.074
0.043
0.499
0.033
0.049
0.089
0.534
0.058
0.057
0.129
0.467
0.042
0.079
0.180
0.402
0.044
0.062
0.133
0.468

Total
pores
0.550
0.499
0.525
0.525
0.600
0.668
0.634
0.634
0.705
0.711
0.703
0.706
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A1.3. Soil organic carbon (SOC), total nitrogen (TN), bulk density (ρb), soil penetration resistance (SPR), macropores,
coarse-mesopores, fine-mesopores, micropores, and total pores as influenced by control (CNT), integrated crop-livestock
system (ICLS), cover crop (CC) and grazed pasture (GP) systems for the 0-5 cm depth at study site 3 and used in Chapter
4. Note: TRT, Treatment and REP, Replication.

TRT

REP

SOC
(g kg-1)

CNT
CNT
CNT
CNT
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

1
2
3
4
1
2
3
4
1
2
3
4

22.9
27.0
24.2
24.6
31.8
30.9
30.4
31.1
54.1
46.6
62.3
52.1

TN
(g kg-1)

ρb
(Mg m-3)

SPR
(MPa)

2.12
2.14
2.18
2.12
2.64
2.66
2.32
2.46
4.80
4.13
5.63
4.47

1.29
1.29
1.26
1.28
1.15
1.14
1.20
1.17
0.75
0.70
0.74
0.73

1.11
1.58
1.58
1.85
1.16
1.04
0.92
1.16
1.11
1.58
1.58
1.85

Macro
CoarseFineMicro
pores mesopores mesopores pores
Site 3
0.004
0.037
0.037
0.505
0.005
0.066
0.054
0.458
0.003
0.126
0.087
0.344
0.004
0.077
0.059
0.436
0.028
0.115
0.065
0.450
0.022
0.089
0.072
0.476
0.023
0.081
0.138
0.402
0.025
0.095
0.092
0.443
0.047
0.062
0.161
0.464
0.034
0.129
0.189
0.380
0.031
0.105
0.110
0.476
0.037
0.099
0.153
0.440

Total
pores
0.584
0.583
0.560
0.576
0.659
0.660
0.644
0.654
0.734
0.732
0.721
0.729
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A1.4. Soil organic carbon (SOC), total nitrogen (TN), bulk density (ρb), soil penetration resistance (SPR), macropores,
coarse-mesopores, fine-mesopores, micropores, and total pores as influenced by control (CNT), integrated crop-livestock
system (ICLS), cover crop (CC) and grazed pasture (GP) systems for the 0-5 cm depth at study site 4 and used in Chapter
4. Note: TRT, Treatment and REP, Replication.

TRT

REP

SOC
(g kg-1)

CNT
CNT
CNT
CNT
CC
CC
CC
CC
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

27.3
29.4
28.7
29.1
32.7
31.1
29.1
28.2
28.0
30.2
29.8
29.7
31.9
32.0
31.3
31.0

TN
(g kg-1)

ρb
(Mg m-3)

SPR
(MPa)

3.93
4.10
4.06
3.97
4.53
4.32
4.09
3.99
4.10
4.24
4.20
4.11
4.27
4.16
4.19
4.13

1.25
1.33
1.32
1.19
1.10
1.20
1.30
1.23
1.27
1.24
1.27
1.13
1.25
1.33
1.32
1.19

0.91
1.17
1.09
0.97
0.89
0.84
0.79
1.02
0.84
0.80
1.02
0.96
0.80
1.07
1.02
0.96

Macro
CoarseFineMicro
pores mesopores mesopores pores
Site 4
0.007
0.007
0.035
0.034
0.007
0.007
0.094
0.079
0.001
0.001
0.110
0.078
0.010
0.010
0.085
0.061
0.004
0.004
0.096
0.072
0.001
0.001
0.087
0.071
0.008
0.008
0.090
0.075
0.003
0.003
0.092
0.077
0.001
0.001
0.049
0.070
0.006
0.006
0.079
0.060
0.020
0.020
0.079
0.059
0.006
0.006
0.125
0.065
0.029
0.029
0.057
0.135
0.001
0.001
0.124
0.079
0.030
0.030
0.058
0.098
0.019
0.019
0.026
0.074

Total
pores
0.376
0.353
0.359
0.446
0.398
0.389
0.378
0.394
0.371
0.364
0.341
0.405
0.363
0.340
0.359
0.351
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A1.5. Soil water content (m3/m3) at different soil water pressures (kPa), steady state infiltration rate (qs), the Green–
Ampt model estimated sorptivity (S) and saturated hydraulic conductivity (Ks) and the Parlange model estimated
sorptivity (S) and saturated hydraulic conductivity (Ks) as influenced by control (CNT), integrated crop-livestock
system (ICLS) and grazed pasture (GP) systems at study site 1 and used in Chapter 4. Note: TRT, Treatment and
REP, Replication.
TRT

CNT
CNT
CNT
CNT
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

REP

1
2
3
4
1
2
3
4
1
2
3
4

0

-0.4

-1.0

-2.5

-5

-10

-20

-30

-----------------------------------kPa-----------------------------------Site 1
0.447 0.437 0.413 0.401 0.398 0.347 0.338 0.332
0.421 0.413 0.400 0.391 0.389 0.353 0.346 0.323
0.397 0.386 0.371 0.363 0.362 0.336 0.332 0.324
0.422 0.412 0.394 0.385 0.383 0.346 0.338 0.326
0.522 0.502 0.467 0.444 0.438 0.379 0.374 0.366
0.528 0.507 0.488 0.477 0.474 0.449 0.447 0.428
0.530 0.517 0.489 0.478 0.476 0.435 0.431 0.407
0.527 0.509 0.481 0.466 0.463 0.421 0.418 0.400
0.615 0.590 0.577 0.560 0.561 0.480 0.471 0.457
0.636 0.610 0.594 0.577 0.575 0.504 0.496 0.479
0.656 0.629 0.612 0.594 0.590 0.528 0.520 0.502
0.636 0.610 0.594 0.577 0.575 0.504 0.496 0.479

qs
(mm/
hr)

S
(mm/
hr0.5)

Ks
S
(mm/ (mm/
hr)
hr0.5)

Ks
(mm/
hr)

28.4
16.0
23.7
22.7
139.5
74.6
119.8
111.3
803.0
868.7
953.6
875.1

22.4
13.1
22.3
19.3
52.2
61.4
30.5
48.0
100.0
120.0
597.4
272.5

11.9
6.3
3.2
7.1
118.4
40.0
100.1
86.1
600.0
779.4
608.4
662.6

19.1
10.0
6.1
11.7
139.7
60.6
107.2
102.5
697.3
779.4
874.5
783.7

22.8
13.3
22.3
19.5
62.3
63.5
42.2
56.0
75.0
190.0
627.1
297.4
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A1.6. Soil water content (m3/m3) at different soil water pressures (kPa), steady state infiltration rate (qs), the Green–
Ampt model estimated sorptivity (S) and saturated hydraulic conductivity (Ks) and the Parlange model estimated
sorptivity (S) and saturated hydraulic conductivity (Ks) as influenced by control (CNT), integrated crop-livestock
system (ICLS) and grazed pasture (GP) systems at study site 2 and used in Chapter 4. Note: TRT, Treatment and
REP, Replication.
TRT

CNT
CNT
CNT
CNT
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

REP

1
2
3
4
1
2
3
4
1
2
3
4

0

-0.4

-1.0

-2.5

-5

-10

-20

-30

-----------------------------------kPa-----------------------------------Site 2
0.450 0.447 0.433 0.408 0.406 0.380 0.372 0.369
0.399 0.398 0.382 0.366 0.366 0.357 0.353 0.353
0.425 0.424 0.415 0.395 0.394 0.382 0.374 0.377
0.425 0.423 0.410 0.390 0.389 0.373 0.366 0.366
0.500 0.486 0.474 0.436 0.434 0.415 0.407 0.403
0.568 0.546 0.518 0.450 0.450 0.402 0.397 0.395
0.534 0.516 0.496 0.443 0.442 0.409 0.402 0.399
0.534 0.516 0.496 0.443 0.442 0.409 0.402 0.399
0.605 0.572 0.556 0.523 0.523 0.462 0.446 0.434
0.611 0.553 0.546 0.497 0.496 0.388 0.375 0.367
0.603 0.561 0.500 0.486 0.482 0.321 0.310 0.302
0.606 0.562 0.534 0.502 0.500 0.391 0.377 0.368

qs
(mm/
hr)

S
(mm/
hr0.5)

Ks
S
Ks
(mm/ (mm/ (mm/
hr)
hr0.5)
hr)

32.4
27.6
67.8
48.0
169.8
111.9
111.9
131.2
868.7
950.0
850.0
625.0

1.7
95.0
36.7
31.6
61.3
53.0
85.1
66.5
102.0
100.0
76.0
130.0

28.7
25.0
48.1
35.0
156.1
90.3
94.9
113.8
500.0
530.0
440.0
491.4

4.3
100.0
40.0
34.3
73.9
60.4
90.0
74.7
75.0
90.0
150.0
155.0

28.6
22.0
63.4
46.7
183.0
112.4
128.0
141.1
730.0
790.0
874.5
712.0
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A1.7. Soil water content (m3/m3) at different soil water pressures (kPa), steady state infiltration rate (qs), the Green–
Ampt model estimated sorptivity (S) and saturated hydraulic conductivity (Ks) and the Parlange model estimated
sorptivity (S) and saturated hydraulic conductivity (Ks) as influenced by control (CNT), integrated crop-livestock
system (ICLS), cover crop (CC) and grazed pasture (GP) systems at study site 3 and used in Chapter 4. Note: TRT,
Treatment and REP, Replication.
TRT

CNT
CNT
CNT
CNT
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

REP

1
2
3
4
1
2
3
4
1
2
3
4

0

-0.4

-1.0

-2.5

-5

-10

-20

-30

-----------------------------------kPa----------------------------------Site 3
0.484 0.480 0.465 0.443 0.443 0.411 0.405 0.405
0.483 0.478 0.437 0.416 0.412 0.370 0.363 0.358
0.460 0.458 0.397 0.335 0.331 0.265 0.256 0.244
0.476 0.472 0.433 0.398 0.395 0.349 0.341 0.336
0.559 0.531 0.493 0.417 0.415 0.370 0.362 0.350
0.560 0.538 0.465 0.452 0.449 0.391 0.383 0.376
0.544 0.520 0.488 0.441 0.440 0.386 0.351 0.302
0.554 0.530 0.482 0.437 0.435 0.383 0.365 0.343
0.634 0.587 0.537 0.533 0.525 0.389 0.375 0.364
0.632 0.598 0.532 0.468 0.469 0.308 0.291 0.280
0.621 0.591 0.584 0.490 0.485 0.404 0.384 0.376
0.629 0.592 0.551 0.497 0.493 0.367 0.350 0.340

qs
S
(mm/ (mm/
hr)
hr0.5)

Ks
(mm/
hr)

S
(mm/
hr0.5)

Ks
(mm/
hr)

11.3
5.9
11.5
8.6
34.0
35.9
34.0
34.6
96.7
71.1
74.0
80.6

5.0
5.0
6.9
5.5
19.7
32.9
17.6
23.4
85.9
61.9
63.0
70.3

18.5
11.0
11.9
12.9
31.0
17.0
19.5
22.5
17.6
31.0
35.0
27.9

5.0
5.0
10.0
6.2
29.4
36.8
26.3
30.8
96.0
69.1
74.7
79.9

17.5
10.0
11.4
11.8
29.9
13.0
18.5
20.5
13.7
24.4
30.2
22.8
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A1.8. Soil water content (m3/m3) at different soil water pressures (kPa), steady state infiltration rate (qs), the Green–
Ampt model estimated sorptivity (S) and saturated hydraulic conductivity (Ks) and the Parlange model estimated
sorptivity (S) and saturated hydraulic conductivity (Ks) as influenced by control (CNT), integrated crop-livestock
system (ICLS), cover crop (CC) and grazed pasture (GP) systems at study site 4 and used in Chapter 4. Note: TRT,
Treatment and REP, Replication.
TRT

CNT
CNT
CNT
CNT
CC
CC
CC
CC
ICLS
ICLS
ICLS
ICLS
GP
GP
GP
GP

REP

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

0

-0.4

-1.0

-2.5

-5

-10

-20

-30

-----------------------------------kPa-----------------------------------Site 4
0.478 0.560 0.552 0.405 0.400 0.385 0.383 0.376
0.450 0.524 0.514 0.409 0.427 0.390 0.373 0.353
0.630 0.500 0.458 0.528 0.563 0.376 0.365 0.359
0.572 0.527 0.518 0.468 0.399 0.466 0.454 0.446
0.660 0.566 0.611 0.465 0.410 0.400 0.360 0.350
0.690 0.520 0.640 0.402 0.450 0.390 0.390 0.385
0.503 0.569 0.492 0.461 0.470 0.400 0.399 0.400
0.390 0.570 0.385 0.485 0.520 0.496 0.465 0.418
0.490 0.470 0.460 0.434 0.441 0.352 0.375 0.372
0.530 0.520 0.493 0.418 0.434 0.374 0.368 0.364
0.487 0.485 0.490 0.469 0.396 0.450 0.346 0.341
0.598 0.592 0.563 0.441 0.469 0.379 0.437 0.405
0.638 0.590 0.527 0.506 0.500 0.418 0.403 0.360
0.469 0.455 0.455 0.392 0.410 0.370 0.360 0.340
0.543 0.516 0.475 0.456 0.458 0.390 0.383 0.359
0.475 0.490 0.438 0.424 0.425 0.392 0.382 0.351

qs
(mm/
hr)

S
(mm/
hr0.5)

Ks
(mm/
hr)

S
(mm/
hr0.5)

Ks
(mm/
hr)

23.6
55.1
14.5
170.1
179.0
171.8
159.5
31.1
84.5
130.9
138.2
164.3
279.0
353.4
183.0
186.6

90.0
125.0
30.0
98.9
69.3
99.8
127.7
81.7
34.0
450.0
8.0
10.0
281.6
484.4
325.0
111.9

10.0
10.0
3.0
141.4
199.8
138.7
85.6
7.7
77.5
10.0
205.0
201.3
38.4
16.0
10.0
45.7

90.0
125.0
30.0
115.6
107.6
112.1
127.3
81.7
41.0
450.0
16.0
10.0
282.3
484.5
325.0
114.3

10.0
10.0
3.0
173.9
197.3
175.6
148.7
7.7
90.0
10.0
206.1
201.3
70.8
31.3
10.0
72.4
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APPENDIX 2

A2.1. Computed tomography derived porosity, number of pores, fractal dimension,
degree of anisotropy and tortuosity for the soils under (a) corn-soybean system (CNT),
(b) integrated crop-livestock system (ICLS) and (c) native pasture (NP) and used in
Chapter 5.
Treatment Replication
CNT
CNT
CNT
ICLS
ICLS
ICLS
NP
NP
NP

1
2
3
1
2
3
1
2
3

Porosity
(%)
5.64
3.18
4.41
7.40
9.65
7.77
13.19
12.92
12.28

Fractal
dimension
2.42
2.26
2.34
2.41
2.42
2.37
2.50
2.49
2.50

Degree of
anisotropy
0.39
0.36
0.37
0.31
0.33
0.25
0.29
0.27
0.26

Tortuosity
1.32
1.39
1.36
1.27
1.28
1.28
1.26
1.27
1.28
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A2.2. Contribution of different sizes of pores to porosity and number of pores under corn-soybean system
(CNT), integrated crop-livestock system (ICLS) and native pasture (NP) and used in Chapter 5. Note: TRT,
Treatment and REP, Replication.
TRT

REP

0-0.01

CNT
CNT
CNT
ICLS
ICLS
ICLS
GP
GP
GP

1
2
3
1
2
3
1
2
3

0.225
0.115
0.170
0.176
0.114
0.146
0.153
0.150
0.251

0.01-0.1
0.1-1
Porosity (%)
0.364
0.273
0.209
0.193
0.287
0.233
0.312
0.292
0.208
0.146
0.235
0.165
0.258
0.215
0.242
0.198
0.537
0.551

1-10

>10

0-0.01

0.217
0.220
0.219
0.318
0.109
0.176
0.092
0.163
0.340

4.561
2.443
3.502
6.302
9.069
7.048
12.470
12.171
10.596

45932
22758
34345
34585
23207
28200
33154
35101
45576

0.01-0.1 0.1-1 1-10
Number of pores
4050
355
31
2333
239
19
3191.5
297
6
3563
349
37
2366
192
8
2748
217
19
2962
238
11
2807
247
21
5958
657
47

>10
2
2
2
5
3
5
1
1
11
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A2.3. Contribution of different pore shapes to porosity and number of pores under corn-soybean system (CNT), integrated
crop-livestock system (ICLS) and native pasture (NP) and used in Chapter 5. Note: TRT, Treatment and REP, Replication.

TRT

REP

Eq.

Ob.

CNT
CNT
CNT
ICLS
ICLS
ICLS
GP
GP
GP

1
2
3
1
2
3
1
2
3

0.020
0.010
0.015
0.026
0.009
0.021
0.028
0.017
0.082

0.060
0.072
0.066
0.096
0.076
0.057
0.044
0.048
9.731

Tr.
Pr.
Pl.
Porosity (%)
0.222 0.066 0.067
2.509 0.038 0.068
1.366 0.052 0.068
6.292 0.075 0.086
8.980 0.030 0.065
0.126 0.103 0.030
12.643 0.057 0.043
12.347 0.054 0.056
0.896 0.304 0.125

AP

Ac.

Eq.

Ob.

0.033
0.013
0.023
0.050
0.022
0.018
0.019
0.019
0.147

0.088
0.040
0.064
0.089
0.141
0.055
0.058
0.070
0.164

1198
458
828
1091
419
830
1197
992
2496

1238
658
948
1246
1294
881
1173
1171
2091

Tr.
Pr.
Pl.
Number of pores
4688
3012
690
2409
1325
388
3548.5 2168.5 539
4094
2556
585
2545
680
453
3067
2024
419
3658
2641
561
3762
2452
568
6223
4449 1018

AP

Ac.

649
355
502
540
374
451
434
484
690

2945
1299
2122
2311
1376
1893
2070
2140
3371
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APPENDIX 3

A3.1. Lab analysis of soil carbon and nitrogen pools.
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(a)

(b)

A3.2. Intact soil core sampling to analyze soil physical and hydrological properties (a) and measuring water infiltration with
double ring infiltrometer (b)
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A3.3. Gas sampling (left and right) from the field to analyze soil surface CO2, N2O and CH4 emissions.

175

VITA

Jashanjeet Kaur Dhaliwal was born at Mansa, Punjab (India) to Mr. Baljeet Singh and
Mrs. Jasvir Kaur. She received her B.S. (Agriculture) in 2015 and M.S. (Soil Science) in
2017 from Punjab Agricultural University, Punjab, India. For her Ph.D., she joined South
Dakota State University-Brookings, SD in 2018 and received the doctorate degree in Soil
Physics in 2021 under the supervision of Dr. Sandeep Kumar. She has accepted a
Postdoctoral Researcher position offered by Dr. Debasish Saha from The University of
Tennessee, Knoxville, Tennessee where she will be moving after her graduation.

