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Abstract

The Intergovernmental Panel on Climate Change (IPCC) approximates the global
warming potential of N2O at 300 times that of carbon dioxide. More than one third of all N.O
emissions are anthropogenic and are primarily due to agriculture. This study aims to compare
N20 emissions from sorghum fields under varying precipitation regimes and fertilizer
management, to assess whether the IPCC default emissions factor of 1% overestimates these
emissions and to evaluate how disaggregating this factor based on environmental and
management factors could improve its accuracy. Field trials were conducted over six site years
with a range of annual precipitation (350 mm -700 mm). All analyses evaluated six nitrogen
application rates of streamed UAN (including a no nitrogen control), along with three additional
product & placement combinations, evaluated both at planting and one month prior to planting.
N20 fluxes were measured using an N2O / HO trace gas flux analyzer (Model 7820, LI-COR)
and a portable automated chamber system (Model 8200-01, LI-COR). Data collected from
chambers were processed using Soil Flux Pro software (Version 5.3.1, LI-COR). Nitrous oxide
(N,O) emissions have high spatial and temporal variability across the landscape, and agricultural
management can introduce additional spatial variability, making quantification even more
difficult. In addition to the main analysis of N,O emissions, this study also focused on the
methods used to collect N,O flux estimates by evaluating sampling time and chamber placement.

A study was conducted to identify the optimum sampling duration for different time
intervals: 180 seconds, 120 seconds (recommended by the manufacturer), and 90 seconds, to
identify an optimum sampling time and minimize time spent obtaining N2O measurements while
maintaining data quality. Chamber fluxes were analyzed using SAS Version 9.4 using PROC

REG procedure. Regression analysis with all sites combined resulted in high r? (r2> 0.97) in each



comparison group. However, with all sites combined, all slope values were different from one (p
< 0.0019). Under the assumption that the longer duration is most reliable, the low

RMSE values indicated that samples can be collected at the shorter sampling duration of 120-
seconds without compromising data quality. The manufacturer’s recommended sampling
duration of 120-seconds is likely a reliable balance between data quality and labor required for
measurements.

The analysis of chamber placement’s impact N,O flux in banded (38 cm centers) and
non-banded nitrogen fertilizer treatments was conducted by collecting N,O flux from two
chambers in each plot, one adjacent to the row and over the fertilizer band (on-band), and
one centered in the inter-row area between the fertilizer bands (inter-row). In non-banded
treatments, two chambers were placed in the same positions. Data were evaluated in two subsets,
rate treatments and placement treatments. Statistical analysis was conducted using SAS Version
9.4. PROC MIXED procedures. When evaluating rate treatments, there was an interaction
between chamber position and nitrogen fertilizer rate (p = 0.0043). At high rates (>100.8 kg ha
1), the on-band chambers had higher flux values than the inter-row treatments (p < 0.05). On
sampling days with high N2O flux levels, differences between the two chamber placements were
the largest. Since these two chamber placements had significant differences from one another,
plots missing on-band chambers should be omitted from daily flux calculations to avoid
underestimating or overestimating flux. Across all fertilizer placement treatments (broadcast urea
with urease inhibitor — NBPT (N-(n-butyl) thiophosphoric triamide), streamed UAN, coultered
UAN, and no nitrogen control) and at all sites, the interaction between fertilizer placement and
chamber position was not significant at o = 0.05 but was significant at o = 0.1. Streamed UAN

placements applied in a band at both application timings did show differences between flux



values in the inter-row and on-band chambers (p = 0.0768). There was no statistical difference
between the on-band and inter-row chambers in the broadcast urea with urease inhibitor - NBPT
and no nitrogen control treatments. However, the mean flux for the on-band chamber overall was
0.45 nmol N2O m2s™ and the mean flux for the inter-row chamber overall was 0.29 nmol N.O
m st indicating a strong overriding influence of chamber position (p = 0.0001). Given the
variability of collected results, plots with banded fertilizer application where either the on-band
or inter-row chamber had missing data, should be omitted from analysis because of the potential
of influence from the high concentration of fertilizer in one area. Chamber position as a main
effect was highly significant when all sites were evaluated, meaning that regardless of fertilizer
rate or placement relative to the chamber, there is enough inherent spatial variability that plots
missing one of the two chambers should be omitted from the dataset.

Analysis of cumulative N2O emissions data show an influence of nitrogen application
rate on cumulative N2O flux at all evaluated site years (p < 0.0001). Increasing nitrogen fertilizer
application rates resulted in higher cumulative N2O emissions (p < 0.05). Overall, nitrogen
fertilizer applied one month prior to planting did not show any differences between nitrogen
fertilizer application methods. Sorghum grown in dryer environments generally did result in
lower cumulative N2O emissions compared to sorghum grown in wetter environments with
similar nitrogen treatments. N2O emissions from grain sorghum did not always peak within the
first two weeks following nitrogen application, but a peak was observed within the first month
following nitrogen application, typically following a rainfall event. Overall, increasing nitrogen
rate did not result in increased N.O emission factors and subsurface placement with a coulter or
addition of a urease inhibitor did not clearly reflect a reduction in emissions factors in evaluated

environments. The EF values calculated, specifically those from the more characteristic rainfall



year, 2025, are largely in-line with IPCC’s disaggregated EF value for arid and semiarid

environments of 0.5 percent (IPCC, 2019).
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Chapter 1 - Literature Review

Grain Sorghum Production

Grain sorghum is native to Northeastern Africa and is estimated to have been
domesticated between 3000 B.C. and 4000 B.C. (Winchell et al., 2017; Venkateswaran et al.,
2019). Since this domestication, grain sorghum has been an important crop across cultures in
semiarid regions around the world (Rooney, 2016). It is believed sorghum spread to India from
Northeastern Africa around 1700 B.C. and from there spread across the Asian continent
(Venkateswaran et al., 2019). In 1757 A.D., Benjamin Franklin documented sorghum growing in
the United States (Venkateswaran et al., 2019). Following this introduction, sorghum was
brought to Central and South America in the 1800s (Venkateswaran et al., 2019). Modern hybrid
grain sorghum was developed in 1956 and was widely adopted in the first five years of
availability to the market (Rooney, 2016). Since its introduction, sorghum has become an

important crop around the world.

Sorghum is well known for heat and drought tolerance and is therefore grown in
semiarid, subtropical, and tropical climates around the globe (Rooney, 2016). It is the world’s
fifth most prevalent cereal grain after wheat, corn, rice, and barley (Taylor, 2003). A significant
portion of global grain sorghum production occurs in the United States, Nigeria, Brazil, Sudan,
Mexico, India, Ethiopia, Argentina, China, and Australia (United States Department of
Agriculture, 2024). In 2024, the United States represented 15% of global grain sorghum
production, with 55% of that production being in Kansas (United States Department of

Agriculture, 2024).



Grain sorghum has various uses which are largely dependent on the production regions.
In the United States and Australia, sorghum grain is primarily used in animal feed (Rooney,
2016). Sorghum can contribute to animal feed rations for poultry, beef, dairy, swine, and pets
(Sorghum Checkoff; Zhao and Dahlberg, 2019). In Africa, Asia, and Central America, sorghum
grain is prevalent as a food crop for human consumption (Hadebe et al., 2016; Taylor, 2003;
Venkateswaran et al., 2019). In addition, sorghum is gluten free and non-GMO, which is filling a
niche in food markets in the United States and around the globe (Sorghum Checkoff). Aside
from its use in food, sorghum is becoming an important crop for fuel production. In the United
States, sorghum is used as a starch source for ethanol production (Rooney, 2016; Rooney et al.,
2007). In fact, one third of sorghum in the United States is used for renewable fuel production
(Sorghum Checkoff). Ethanol made from grain sorghum qualifies as a renewable fuel under the
Renewable Fuel Standard Program because it achieves at least a 20% reduction in emissions
compared to the baseline petroleum fuel it would replace (US Environmental Protection Agency,
2012). An average gallon of grain sorghum ethanol reduces greenhouse gas emissions by 32%
compared to the petroleum fuel baseline (US Environmental Protection Agency, 2012). While
corn is the most prevalent feedstock for ethanol production (US Department of Energy), sorghum
produces the same amount of ethanol per bushel but uses one third less water (Sorghum
Checkoff). This variety of uses makes sorghum an important crop in many different industries

around the world.

Grain Sorghum is a warm season crop and requires temperatures of at least 15°C to

initiate germination (Rooney, 2016). To accomplish this, grain sorghum crops in the United



States are typically planted in May or June and are harvested in September and October
(Hawkins et al.). Final stands of 49,000 — 74,000 plants ha* typically result in yields of 3766 —
5021 kg ha (Ciampitti and Carcedo, 2022). To achieve these yields, nutrient demands of the
crop must be met. Nitrogen, phosphorus, and potassium are the main nutrients required for
sorghum growth (Rooney, 2016). Of all required nutrients for grain sorghum growth, nitrogen is

often the most limiting (Ciampitti et al., 2022).

In addition to nutrient challenges, drought and heat are significant stresses that can result
in yield reduction in sorghum crops (Rooney, 2016). Grain sorghum requires 46-66 centimeters
of water to produce a normal yield in areas of lower humidity (Ciampitti et al., 2022). Of this
requirement, 15 centimeters of water are required to initiate the reproductive growth stages and
grain yield, with yields increasing at 100 kg cm™ of water use (Ciampitti et al., 2022). In general,
sorghum is regarded as water efficient with a high water use efficiency compared to corn,
miscanthus, and switchgrass, all common biofuel feedstocks in the United States (Oikawa et al.,
2014). Compared with corn, grain sorghum uses 40-77 cm of water per season, while corn
requires 50-80 cm of water per season (Ciampitti et al., 2023). Higher water use efficiency in

grain sorghum (Ciampitti et al., 2022) is complemented by the drought tolerant traits of the crop.

Drought tolerance allows plants to maintain critical cellular and metabolic functions
including osmotic adjustment, antioxidant capacity, and cell membrane stability while under a
water deficit (Ciampitti and Prasad, 2020, pp. 241-273; Wagaw, 2019). Sorghum plants use a
variety of traits to overcome drought (Ciampitti and Prasad, 2020, pp. 241-273). Stay green is a

trait that allows sorghum plants to maintain higher levels of chlorophyll in their leaves during



terminal drought stress conditions (Ciampitti and Prasad, 2020, pp. 241-273). Sorghum reduces
transpiration through leaf rolling and stomatal closure (Wagaw, 2019) and lowers canopy
temperatures to allow the plants to transpire less (Ciampitti and Prasad, 2020, pp. 241-273).
Under extreme drought, sorghum plants can reduce metabolic processes to near dormancy
(Wagaw, 2019). In addition to these traits, sorghum crops can also compensate for differences in
stand by developing more heads per plant through tiller development (Ciampitti et al., 2022).
Finally, sorghum has a sophisticated root structure that allows the crop to scavenge for water and
nutrients like nitrogen (Wagaw, 2019; Zhao and Dahlberg, 2019). These traits help sorghum to

overcome drought and create yield even when faced with adversity.

Nitrogen fertilizer is a significant input in grain sorghum production. Grain sorghum uses
nitrogen for a variety of plant outcomes, many of which can be displayed by increasing nitrogen
fertilizer application rates. Increased nitrogen application rates improved grain sorghum yields
and plant height (Abunyewa et al., 2017; Vasilyevich Baranovsky et al., 2020). With increased
application rates, sorghum plants tend to consume more nitrogen, causing nitrogen uptake and
stem and leaf nitrogen concentrations to increase (Abunyewa et al., 2017; Muchow, 1998).
Continuous application of nitrogen is necessary as approximately 50% of nitrogen taken up by
the plant is removed with the grain (Espinoza and Kelley, n.d.). Nitrogen fertilizer
recommendations range based on expected yield, residual nitrogen in the soil, soil organic
matter, and grain price relative to the price of nitrogen fertilizer (Wortmann et al., 2013).
Typically, grain sorghum removes 15 g of nitrogen per kg of grain (0.85 pounds of nitrogen per

bushel) (Ciampitti et al., 2022). Thus, nitrogen application recommendations for producers range



from 112-134 kg ha* (100-120 pounds acre™) (Espinoza and Kelley, n.d.). Nitrogen fertilizer

recommendations can change significantly based on the assumed nitrogen use efficiency.

The nitrogen use efficiency of a cropping system is the proportion of all nitrogen inputs
that are retained in harvested crop biomass, contained in crop residues, incorporated into the soil
organic matter, and remain in inorganic nitrogen pools in the soil (Cassman et al., 2002). Crop,
environmental, and management factors affect nitrogen use efficiency (Haroon et al., 2019).
Nitrogen use efficiency can be improved by achieving greater uptake efficiency or by reducing
the nitrogen lost from the soil (Cassman et al., 2002). Most crops have a nitrogen use efficiency
of 30-50% (Haroon et al., 2019). Grain sorghum tends to have higher nitrogen use efficiency due
to root scavenging and production systems that allow for greater nitrogen accumulation in the
soil (Zhao and Dahlberg, 2019). In sorghum studies, increasing nitrogen application rates
decreased nitrogen use efficiency, with efficiencies as high as 50% in low application rates and
as low as 5% in high application rates (Abunyewa et al., 2017; Buah et al., 1998; Rowlings et al.,
2022). Environmental factors like rainfall can also have a significant impact on nitrogen use
efficiency by driving nitrogen losses. In some cases, rainfall can have a larger impact on nitrogen
losses than application rates (Rowlings et al., 2022). However, plant growth limited by moisture
can cause nitrogen use efficiency to decline due to decreased plant uptake (Muchow, 1998). All
these factors contribute to the variability of nitrogen use efficiency in grain sorghum cropping

systems.

Nitrous Oxide Emissions and Agricultural Production



Greenhouse gases are gases that can originate from both natural and anthropogenic
sources and absorb and emit radiation at specific wavelengths which result in the greenhouse
effect (IPCC, 2012). Water vapor (H20), carbon dioxide (CO.), nitrous oxide (N20), methane
(CHa4), and ozone (O3) are the primary greenhouse gases in the Earth’s atmosphere (IPCC, 2012).
As concentrations of greenhouse gases increase from anthropogenic sources, Earth’s temperature
is increasing above past levels (US Environmental Protection Agency, 2024). Changes in
atmospheric concentrations of CO2, CH4, N20, and halocarbons from 1750-2011 have
contributed to warming of the Earth’s atmosphere (IPCC, 2021). The Intergovernmental Panel on
Climate Change (IPCC) has put forward the recommendation that rapid reductions in
anthropogenic greenhouse gas emissions that restrict warming to “well-below” 2°C would

greatly reduce the negative impacts on land ecosystems (Arneth et al., 2019).

Greenhouse gases originate from a variety of sources, both natural and anthropogenic.
Natural greenhouse effect drivers include natural sources and sinks of water vapor, CO2, CHa,
and SO- (IPCC, 2021). Anthropogenic sources like energy, waste, and agriculture also contribute
to greenhouse gas emissions. Fossil fuel combustion is a major emitter of CO2 (IPCC, 2021).
Methane emissions are the result of fossil fuel extraction, natural gas pipeline leaks, agriculture,
and landfills (IPCC, 2021). Agriculture contributions include emission of methane, carbon
dioxide, and nitrous oxide (Adegbeye et al., 2020; IPCC 2007). However, agriculture has unique

opportunities to offset emissions of these greenhouse gases.

The greenhouse gas N2O contributes to ozone depletion and requires 114 years to decay

in the atmosphere, compared to methane’s 12 years (IPCC, 2007; Ravishankara et al., 2009).



Over a 100-year timeline, N2O has a global warming potential that is approximately 300 times
that of carbon dioxide (IPCC, 2007; US Environmental Protection Agency, 2024). More than one
third of all N2O emissions are anthropogenic and are primarily due to agriculture (IPCC, 2007).
N20 emissions have increased over time. The global atmospheric N2O concentration has
increased from a pre-industrial level of approximately 270 ppb to 319 ppb in 2005 (IPCC, 2007).
In 2019, the concentration of N2O in the atmosphere reached 332 ppb (IPCC, 2021). This
increase in N2O concentration is largely attributed to the increased use of nitrogen fertilizers and
manure in land-based agriculture (IPCC, 2021; Tian et al., 2020). Increased nitrogen fertilizer
use accounted for 64% of the agricultural soil N2O emissions increase since 1900 (Lu et al.,
2022). Nitrous oxide is primarily derived from two parts of the global nitrogen cycle,

nitrification, and denitrification (Gruber and Galloway, 2008).

First, denitrification is the anaerobic microbial reduction of nitrate (NO3) to nitrite (NO2
) and then to gases NO, N20, and N2 (Smith et al., 2000). At high levels of soil moisture, NO3"
denitrifies all the way to N2 (Butterbach-Bahl et al., 2013). The incomplete denitrification
process results in emission of N2O (Barton et al., 2007). Denitrification becomes the main
pathway of N2O emission in high moisture conditions (Rudaz et al., 1990; Wang et al., 2023).
The potential for denitrification losses of nitrogen as N2O is high, particularly if high intensity

rainfall occurs early in the growing season (Schwenke and Haigh, 2016).

Second, nitrification is the aerobic microbial oxidation of ammonium ions to nitrite via
NH20H and then to nitrate (Smith et al., 2000). This process is completed in two steps. First,

autotrophic nitrifiers use CO- as a carbon source and oxidize NH4" for energy, transforming



NH4* to NO2™ (Granli and Bgckman, 1994). Second, NO;" is further oxidized to NO3™ (Granli and
Backman, 1994). This process can create N2O when ammonium oxidizers use NO>™ as an
alternate electron acceptor when oxygen is limiting, thereby creating N2O and causing natural
N20 emissions (Granli and Bgckman, 1994). Nitrification is the main N2O producing pathway in

low moisture conditions (Wang et al., 2023).

Approximately 20% of the world’s human population lives in semiarid and arid regions
(Galbally et al., 2008). These drier climates can have different impacts on N>O emissions than
temperate climates. Since grain sorghum is commonly grown in semiarid and arid regions, these
impacts on N2O emissions are relevant to grain sorghum cropping systems. In grain sorghum
experiments, dry weather resulted in lower N2O emissions and fewer detectable fluxes (Barton et
al., 2007; Storlien et al., 2013). However, in hot and dry climates, soil moistened through rainfall
and irrigation results in more rapid and intense production of N2O than is observed in a
temperate agricultural system (Galbally et al., 2008). Rainfall and irrigation can have a variety of
impacts on N2O emission in agriculture. Daily N2O emissions are best correlated with

precipitation and water filled pore space (Barton et al., 2007; Malhi and Lemke, 2007).

N20 production in all soils increases with increasing soil moisture, with little N.O
emitted from dry soils (Barton et al., 2007; Pihlatie et al., 2004; Storlien et al., 2014; Storlien et
al., 2013). Rainfall or irrigation events can cause small, short-term peaks of N2O emissions
(Barton et al., 2007; Xiao-Tang and Zhang, 2017; Rudaz et al., 1990; Storlien et al., 2014). These
peaks, or pulses, after rainfall are common and driven by denitrification (Aguilera et al., 2013).

As a result, frequent wetting and drying cycles of the soil can cause increased annual N2O



emissions (Liu et al., 2018; Storlien et al., 2014). High N2O emissions were observed in the first
wetting event after a drought (Kitzler et al., 2006; Liu et al., 2018). In addition to rainfall, water-

filled pore space in the soil can significantly impact N2O emissions.

Multiple studies report water filled pore space (WFPS) as a strongly connected variable
with N20 fluxes (Corre et al., 1999; Linn and Doran, 1984). Most N,O emissions occurred when
WFPS was high, above 60-70% (Barrat et al., 2020; Xiao-Tang and Zhang, 2017).
Denitrification is the main N2O producing pathway in conditions above 60-70% WFPS (Wang et
al., 2023). At low WFPS levels, less than 50%, low N2O emissions were observed (Xiao-Tang
and Zhang, 2017). N2O emissions observed when WFPS is lower, are hypothesized to be from
the nitrification process (Storlien et al., 2013). Beyond moisture impacts, nitrogen fertilizer

management can have major impacts on N2O emissions.

In addition to precipitation and irrigation, fertilization events can result in high fluxes of
N20O (Storlien et al., 2014). Fertilizer timing, placement, rate, and source can all impact N2O
emissions within a cropping system. N2O emissions can occur at various times during the
growing season. Across multiple studies, N2O emissions peaked within two weeks following
fertilization (Barton et al., 2007; Gehl et al., 2020; Storlien et al., 2014). Fertilizer timing during
the growing season can impact N2O emissions from the crop. In two sorghum studies, N2O flux
was lower in plots receiving split application of nitrogen fertilizer than plots receiving all
nitrogen fertilizer at planting (Duval et al., 2022; Schwenke and Haigh, 2019). In one of these
studies, this split application reduced the proportion of nitrogen emitted as N2O by 59% while

maintaining nitrogen uptake and grain yield (Schwenke and Haigh, 2019). However, in a corn



study, higher levels of N2O emissions were observed from in-season applications of nitrogen

fertilizer compared to preplant applications (Ma et al., 2009).

Fertilizer placement and rate can have significant impacts on N2O emissions.
Consistently, deeper placement on nitrogen fertilizer within the soil results in lower N2O
emissions in sorghum systems (Fertitta-Roberts et al., 2017; Van Kessel et al., 2012). Shallow
and surface placement result in higher N2O emissions across multiple studies (Fertitta-Roberts et
al., 2017; Halvorson and Del Grosso, 2013; Rychel et al., 2020). Higher rates of nitrogen
fertilizer application have increased N2O emissions across many studies and cropping systems
(Malhi and Lemke, 2007; Preza-Fontes et al., 2020; Schwenke and Haigh, 2016). When nitrogen
fertilizer is applied in excess of crop requirement, the proportion of nitrogen lost as N,O
emissions increases substantially (Malhi and Lemke, 2007; Preza-Fontes et al., 2020).
Conversely, increased fertilizer rates did not increase N.O emissions according to Barton et al.
(2007) and Gehl et al. (2020). In addition to fertilizer rate, soil nitrogen concentration has had
differing effects on N2O emission. In many cases, soil NO2 and NO3" concentrations were
correlated with N2O emission rates (Butterbach-Bahl et al., 2013; Chantigny et al., 2010; Liu et
al., 2018; Zebarth et al., 2008). However, in other systems no relationship was established
between N2O emissions and soil mineral nitrogen concentrations (Corre et al., 1999; Linn and

Doran, 1984).

Use of different nitrogen fertilizer products can impact N2O emissions from the crop.

Enhanced efficiency fertilizers with nitrification inhibitors or urease inhibitors can have varying

effects on N2O emissions. Enhanced efficiency fertilizers were found to reduce N>O emissions
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under a wide range of conditions (Maaz et al., 2021). When used together in one product,
nitrification and urease inhibited urea resulted in significantly lower emissions when compared
with traditional urea (Halvorson and Del Grosso, 2013). However, urease inhibitors and slow-

release urea have not been shown to reduce N2O emissions on their own (Wood et al., 2023).

Nitrous Oxide Emission Estimation

There are three well-established methods of estimating soil N2O flux emissions, which
include eddy covariance, static chamber, and automated chamber (Tallec et al., 2019).
Automated soil gas flux systems offer a new automated chamber technology that allows users to
collect low concentration soil flux data both quickly and accurately. These systems use optical
feedback cavity enhanced absorption spectroscopy to collect measurements of soil gas flux, in
this case N2, at a rate of one sample per second (LICOR Environmental, 2024). The system’s
settings are customizable, allowing users to configure the system to best suit their specific
research needs. Even with the use of this system, customization and appropriate use are
necessary to best capture data that is representative of the evaluated system. Manufacturer’s
literature recommends observation times of 90 to 180 seconds for sampling N20O fluxes (LICOR
Environmental, 2024b). Observation time is important for maintaining consistent environmental

conditions and limiting the effect of altered diffusion (LICOR Environmental, 2024b).

Spatial variability, both expected and unexpected, can have an influence on N2O flux

estimation. When this variability is expected, experimental design can be adjusted to best capture

representative data. Nitrification and denitrification are processes that are driven by microbial
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activity and soil properties, which in turn influence N2O emissions. Landscape position,
inorganic nitrogen concentration, and total organic carbon can influence the spatial variability of
denitrification across a landscape (Johnson et al., 2022). When large spatial variability is
expected to exist, experiment structure, chamber number, and chamber placement may need to
be adjusted to reduce variability (Chadwick et al., 2014). In row crop experiments evaluated with
static chambers, variability from applied fertilizer between rows is best captured using
rectangular chambers that cover the entire row area (Clough et al., 2020). However, with the use
of automated chambers, chamber dimensions are limited by the size and shape of available
instrumentation, most of which are small, round chambers. Static chamber guidance literature
suggests the avoidance of round chambers for N2O flux estimation in row crop experiments,
which creates a conflict for users in this context (Clough et al., 2020). The limitations of such
systems make it difficult to adjust chamber size to cover a large, representative row area, since
the volume and area are fixed in these systems. Multiple experiments using the static chamber
method across environments report significant influence of chamber placement on N2O emission
estimation when using a static chamber method (Cai et al., 2012; Chadwick et al., 2014; Liu et
al., 2023). Additionally, fertilizer application method had a significant influence on the impact
chamber placement made on N2O emission estimation using the static chamber method (Liu et
al., 2023). Literature does not yet describe the influence of chamber placement on estimation of

N20 emissions when using an automated chamber system.

Carbon Intensity and Grain Sorghum
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Biofuels are liquid fuels produced from renewable biological sources (Department of
Energy, 2024). Currently available biofuels are made from sugar crops (sugarcane, sugarbeet);
starch crops (corn, sorghum, potatoes); oilseed crops (soybean, sunflower, rapeseed); and animal
fats (US Environmental Protection Agency, 2021). Ethanol is a renewable fuel that can be made
from various plant materials, collectively known as biomass (Office of Energy Efficiency &
Renewable Energy, 2024). In the United States, most ethanol is made from plant starches and
sugars — particularly corn starch (Wang et al., 2008). Grain sorghum is a viable feedstock for
ethanol and has similar ethanol yield compared to ethanol from corn grain (Wang et al., 2008).
Sorghum is more tolerant to water stress than corn and is often grown in drier regions, which can

reduce the water footprint of the crop, and, in turn, the fuel made from it (Wang et al., 2008).

Biofuel production and consumption in the United States have increased linearly since
the early 1980s (U.S. Energy Information Administration, 2022). Replacing fossil fuels with
biofuels has the potential to reduce some undesirable environmental impacts of fossil fuel
production and use, including conventional and greenhouse gas pollutant emissions, resource
depletion, and dependence on unstable foreign suppliers (US Environmental Protection Agency,
2021). Two prominent government programs, the federal Renewable Fuel Standard (RFS)
program, and California’s Low Carbon Fuel Standard (LCFS), have contributed to increased US
biofuel production and consumption over the past 15 years (U.S. Energy Information
Administration, 2022). The RFS program under the Clean Air Act was created under the Energy
Policy Act of 2005 (US Environmental Protection Agency, 2015). Renewable Fuel Standard is a
national policy that requires a certain volume of renewable fuel to be used to replace or reduce

the quantity of fossil fuel in transportation fuel, home heating oil, or jet fuel (US Environmental
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Protection Agency, 2015). Renewable fuels under the RFS program must have a certain
reduction in greenhouse gas emissions as compared to a 2005 petroleum baseline (US

Environmental Protection Agency, 2015).

Ethanol is the most widely used biofuel (US Environmental Protection Agency, 2021). A
major driver of increased ethanol demand has been the value of ethanol as an oxygenate,
replacing methyl tert-butyl ether in gasoline (Wang et al., 2008). While the most common blend
of ethanol in gasoline is E10 (10% ethanol by volume), most vehicles built after 2000 can use
gasoline ethanol blends containing up to 15% ethanol by volume (Office of Energy Efficiency &
Renewable Energy, 2024; US Environmental Protection Agency, 2021). Some vehicles are even
designed to run on E85, a gasoline ethanol blend that can range from 51-83% ethanol by volume
(Office of Energy Efficiency & Renewable Energy, 2024). These advances in biofuel technology
have improved the total greenhouse gas emissions from the transportation sector and will

continue to develop over time.

The Low Carbon Fuel Standard was originally adopted in 2009 with the goal of reducing
the carbon intensity (CI) of transportation fuel by at least 20% by 2030 and is overseen by the
California Air Resources Board (CARB) (California Air Resources Board, 2007). The Low
Carbon Fuel Standard requires fuel producers to reduce the carbon intensity of fuels sold in
California and encourages the production of renewable alternatives (California Air Resources
Board, 2023). The program requires higher carbon fuel producers to buy credits from companies
that sell cleaner fuels to meet mandated targets (California Air Resources Board, 2023). Low

Carbon Fuel Standard sets annual carbon intensity targets, which reduce over time for gasoline,
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diesel, and fuels that replace them (California Air Resources Board, 2007). In addition to
California, other states have adopted variations of the LCFS program. The Pacific Coast
Collaborative is a regional agreement between California, Oregon, Washington, and British
Columbia to align policies, reduce greenhouse gases, and promote clean energy (California Air
Resources Board). Over time, these LCFS programs will build an integrated West Coast market
for low-carbon fuels that will create greater market pull, increased confidence for investors of
low-carbon alternative fuels, and improved enforcement programs (California Air Resources

Board).

All transportation fuels need a carbon intensity score to participate in LCFS (California
Air Resources Board, 2007). A fuel pathway carbon intensity score consists of the sum of the
greenhouse gases emitted throughout each stage of a fuel’s production and use (California Air
Resources Board, 2024). Carbon intensity, sometimes referred to as a carbon intensity score or
Cl score, is a form of complete life cycle analysis that considers all the steps of production,
transportation, and consumption of a fuel (California Air Resources Board, 2007). Carbon
intensity is measured in grams of CO.-¢e, defined as an amount of greenhouse gas adjusted for its
global warming potential, per megajoule of energy (California Air Resources Board, 2007).
Carbon intensity scores include the direct effects of producing and using this fuel and indirect
effects associated with how it affects other products and markets (California Air Resources

Board, 2024).

Carbon intensity for crop-based biofuels is calculated with the California Greenhouse

Gases, Regulated Emissions and Energy Use in Transportation (CA-GREET) model (California
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Air Resources Board, 2007). The Low Carbon Fuel Standard does allow individual biofuel
conversion facilities to submit custom Cls with their own data (Liu et al., 2020b). There are three
different ways that carbon intensity can be certified by CARB. First, and most simply, lookup
tables have CI scores that are predetermined based on fuel types and industry averages
(California Air Resources Board, 2007). Second, tier 1 applications use a simplified ClI
calculation that determines site-specific fuel production and transportation emissions (California
Air Resources Board, 2007). Finally, tier 2 applications are designed for innovative next
generation pathways with unique feedstocks or carbon sequestration (California Air Resources
Board, 2007). Tier 2 applications involve a fully customizable California GREET model to

determine site-specific CI scores (California Air Resources Board, 2007).

With annually declining CI score targets, there is a strong incentive for innovation within
the LCFS program. The LCFS structure creates a strong incentive to deploy only the lowest
carbon fuels to California and to continually innovate to reduce the carbon intensity of existing
fuels (California Air Resources Board, 2023). While the entire fuel supply chain considers items
like feedstock conversion, fuel transportation and distribution, and fuel combustion when
calculating a life cycle analysis for biofuels, improvements can be made at the farm level to
improve the feedstock carbon intensity (Liu et al., 2020b). Key parameters affecting biofuel
feedstock CI include yield, fertilizers/chemical application rates, and agronomic practices (Liu,
2021). Adopting conservation tillage, reducing nitrogen fertilizer use, and implementing cover
crops can reduce greenhouse gas emissions per unit of corn produced compared to a baseline
corn-soybean rotation (Liu et al., 2020a). Nitrogen fertilizer has been shown to have major

impacts on greenhouse gas emissions and, in turn, CI scores. Argonne National Laboratory’s
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Feedstock Carbon Intensity Calculator is integrated into the GREET model which analyzes
improvements made at the farm level and provides farm gate CI estimates, which can be used to

assess lifecycle emissions and compare practice change outcomes (Liu et al., 2020b).

Reducing nitrogen fertilizer inputs while maintaining yield is a highly effective way to
reduce the cradle to farm gate greenhouse gas emissions (Liu et al., 2020a). Fertilizer application
rate, application method, and source all contribute to emission intensities (Fertitta-Roberts et al.,
2017). Nitrogen fertilizer type and rate applied were identified as factors contributing most to ClI
variations at the farm level in corn for ethanol (Liu, 2021). N2O emissions were by far the largest
contributor to overall life cycle greenhouse gas emissions, frequently accounting for more than
half of total emissions (Liu et al., 2020a; Storlien et al., 2013). Efficient use of nitrogen is an
important pathway for minimizing life cycle emissions on an energy yield basis (Fertitta-Roberts
et al., 2017). High rates of nitrogen fertilizer can support low greenhouse gas intensities and
pollutant loads from cellulosic fuels on an energy yield basis if there is sufficient yield response
(Fertitta-Roberts et al., 2017). Using nitrogen efficiently in the cropping system is an important

part of improving the carbon intensity score of a feedstock.

The proportion of nitrogen lost from the system is most important in determining life
cycle greenhouse gas emissions. The percentage of added nitrogen fertilizer lost to the
atmosphere as N2O-N is considered a nitrogen emissions factor by the Intergovernmental Panel
on Climate Change (IPCC) (Schwenke et al., 2015; Storlien et al., 2013). Emissions factors for
N20 emissions from nitrogen inputs are measured as kg of N2O-N per kg of nitrogen input

(IPCC, 2006). Emission factors have been found to significantly vary due to nitrogen source,
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nitrogen application rate, type of crop, and climate regime (Storlien et al., 2013). The default
IPCC emissions factor for N.O emissions from managed soils receiving nitrogen addition as
mineral fertilizers, organic amendments and crop residues is 1% (IPCC, 2006). This emissions
factor (EF) was set at 1.25% in 1999 and was later lowered to 1% in 2006 and remains at 1%
following the 2019 revision with exceptions (IPCC, 2019; IPCC, 2006; Smith et al., 2000). One
such exception allows for the disaggregation of emission factors by climatic zones (IPCC, 2019).
In dry climates, the default EF value has been adjusted to 0.5% for both organic and synthetic
nitrogen inputs, as well as crop residues (IPCC, 2019). Dry climates are defined by the IPCC as
temperate areas where the ratio of annual precipitation: potential evapotranspiration is less than 1
(IPCC, 2019). Since grain sorghum has strong drought tolerance and is commonly grown in dry

climates, its expanded use in biofuels depends on further research in this area (Rooney, 2016).

Research Hypotheses & Objectives

The objectives of this study were (i) determine the optimal observation time for
collecting N2O flux data using a trace gas analyzer system across different environments; (ii)
assess how chamber placement relative to grain sorghum crop rows and nitrogen application
bands influences cumulative N>O emission measurements; (iii) quantify NoO emissions during a
grain sorghum growing season across a rainfall gradient under various nitrogen management
practices. The hypotheses were: (i) data collected using the 180-second sampling duration would
be more stable, while 90 and 120-second sampling duration would underestimate fluxes
compared to the longest duration and likely have more variability; (ii) chamber position

significantly impacts N>O emissions in streamed treatments, and influence increases at higher
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nitrogen application rates; (iii) chamber position does not have a significant impact on non-
streamed treatments; (iv) sorghum grown in dryer environments with similar nitrogen treatments
will exhibit lower N2O emissions throughout the growing season compared to sorghum grown in
wetter environments; (v) N2O emissions from sorghum crops will peak in the first two weeks
following nitrogen application; (vi) nitrogen management practices involving lower application
rates, the use of urease inhibitors, and deeper placement will result in reduced N2O emissions

over the growing season.
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Chapter 2 - Comparison of Sampling Duration Using LICOR’s 7820

Trace Gas Analyzer

Abstract

Automated Soil Gas Flux Systems offer a new, efficient method of collecting soil gas
flux data. However, limited external literature provides guidance on using the system’s settings
to minimize time spent obtaining measurements while maintaining data quality. This study
compares three sampling durations — 180 seconds, 120 seconds (LICOR recommendation), and
90 seconds; using N20 flux data collected with a N2O/H>0 trace gas flux analyzer (Model 7820,
LI-COR) and 8200 portable Smart Chamber system (Model 8200-01, LI-COR). All data were
processed using Soil Flux Pro software (Version 5.3.1, LI-COR) and analyzed using SAS
Version 9.4 using PROC REG procedure. Regression analysis with all sites combined resulted in
high r? values (r>> 0.97) in each comparison group. However, with all sites combined, all slope
values were different from one (p < 0.0019). Under the assumption that the longer duration is
most reliable, the low RMSE values indicated that samples can be collected at the shorter
sampling duration without compromising data quality. Given these results, the manufacturer’s
recommended sampling duration of 120-seconds is likely a reliable balance between data quality

and the labor required for measurements.

Key Findings
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e The 120-second and 180-second comparison at the easternmost site had the
highest agreement between the two sampling durations, with the slope having no

difference from 1.

o Sites with lower average daily N2O flux values represented lower RMSE values
between all comparisons, indicating that sites with higher expected daily flux

values should use a longer sampling duration to capture additional variability.

e Consistent high r? values (r? > 0.97) and low RMSE values indicate that samples
can be collected at a shorter sampling duration (120-seconds) without

compromising data quality.

Introduction

Rising labor costs coupled with a consistent demand for high quality data have created a
tradeoff in academic field research. Finding efficient methods for collecting data without
compromising quality is critical, especially in labor intensive, time-consuming field trials with

many treatments.

The static chamber method, as described by the USDA-ARS GRACEnet Project Protocol
(Parkin et al., 2010,) has been the previous prevalent method for estimating nitrous oxide (N20)
flux. N2O concentrations are measured with the static chamber method by determining the rate of

change in gas concentration in a chamber headspace. These chambers are typically closed for a
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period of 30-60 minutes to collect a sample. Samples are drawn from the closed chamber at time
0, and at least two other evenly spaced time intervals, often 10-20 minutes apart. These
concentrations are then analyzed using gas chromatography and then processed using linear or
quadratic regression to calculate the slope of concentration versus time, providing a flux

measurement.

Automated soil gas flux systems offer a new technology that allows users to collect low
concentration soil flux data both quickly and accurately. LICOR’s system uses optical feedback
cavity-enhanced absorption spectroscopy to measure soil gas flux (in this case, N2O) at a rate of
one sample per second (LICOR Environmental, 2024a). The system’s settings are customizable,
allowing users to configure the system to best suit their specific research needs. LICOR’s
literature recommends observation times (sampling durations) of 90 to 180 seconds for sampling
N20 fluxes (LICOR Environmental, 2024b). However, limited external literature provides
guidance on how to use the system’s settings to balance time efficiency and data quality.
Observation time (sampling duration) is important for maintaining consistent environmental
conditions including temperature, pressure, and soil moisture, which can all impact N.O
emissions, and limiting the effect of altered diffusion, a disruption of the natural soil-atmosphere
gas exchange process (LICOR Environmental, 2024b). There is scarce information on how to
modify the system’s settings to account for various environmental conditions. In this study, we
use N2O flux data collected with a No.O/H>0 Trace Gas Flux Analyzer (Model 7820, LI-COR)
and Portable Smart Chamber system (Model 8200-01, LI-COR) to compare sampling durations

of 90 seconds, 120 seconds, and 180 seconds, across three locations representing an annual
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precipitation gradient of 400mm while obtaining measurements from plots subjected to a wide

range of nitrogen management treatments.

The objective of this analysis was to determine the optimal observation time (sampling
duration) for collecting N2O flux data using LICOR’s Trace Gas Analyzer System across
different environments, specifically humid and semi-arid environments. The hypothesis was that
data collected with a 180-second sampling duration would be more stable, while 90- and 120-
second sampling durations would underestimate fluxes relative to the longest duration and likely

exhibit greater variability.

Materials and Methods

Site Descriptions

Three site locations in Kansas across a precipitation and climate gradient were used to
conduct experiments during 2024 (Figure 2.1). The eastern Kansas location (MRD) was in
Morris County (Lat/Long: 38° 47' 35.5914", -96° 48' 53.8554") at an approximate elevation of
416 meters. The soil type is classified as Irwin silty clay loam, with a taxonomic classification of
fine, mixed, superactive, mesic Pachic Argiustoll (USDA NRCS, 2019). The region has a humid
subtropical climate (Képpen Climate Classification: Cfa), obtained from Climate Change &
Infectious Diseases Group and Brugger, (2017) based on the data of Kotteck et al. (2006). The
region also has an average annual precipitation of 860 mm and an average annual temperature of

13 °C (30-year average) (Office of the Kansas State Climatologist, 2020).
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The southwest Kansas location (GYD) was in Gray County (Lat/Long: 37° 34' 32.412", -
100° 24' 32.2554") at an approximate elevation of 851 meters. The soil type is classified as
mainly Richfield silt loam, with a taxonomic classification of fine, smectitic, mesic Aridic
Argiustoll (USDA NRCS, 2019). The region has a cold semi-arid climate (Képpen Climate
Classification: Bsk), obtained from Climate Change & Infectious Diseases Group and Brugger,
(2017) based on the data of Kotteck et al. (2006). The area has an average annual precipitation of
550 mm and an average annual temperature of 13 °C (30-year average) (Office of the Kansas

State Climatologist, 2020).

The northwest Kansas location (THD) was in Thomas County (Lat/Long: 39° 14'
5.4954", -101° 12' 11.8434"°) at an approximate elevation of 1005 meters. The soil type is
classified as mainly Keith silt loam, with a taxonomic classification of fine-silty, mixed,
superactive, mesic Aridic Argiustoll (USDA NRCS, 2019). The region has a cold semi-arid
climate (Koppen Climate Classification: Bsk), obtained from Climate Change & Infectious
Diseases Group and Brugger, (2017) based on the data of Kotteck et al. (2006). The area also has
an average annual precipitation of 500 mm and an average annual temperature of 11 °C (30-year

average) (Office of the Kansas State Climatologist, 2020).

Experimental Design

The experiment was designed with treatments in a randomized complete block design
with four replications at each of three sites. Treatments included both a nitrogen rate ramp with

seven nitrogen application rates as well as a nitrogen application method component with three
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treatments. Nitrogen rate treatments were 0, 33.6, 67.3, 100.8, 134.5, 168.1, and 201.8 kg N ha™.
All rate treatments were applied as streamed UAN immediately prior to planting. Nitrogen
placement treatments were applied immediately prior to planting at a rate of 67.3 kg N ha™.
Placement treatments included broadcast urea treated with a urease inhibitor — NBPT (N-(n-
butyl) thiophosphoric triamide) (Agrotain, 1.05 L metric ton urea), streamed UAN, and
coultered UAN placed approximately 7.6 cm deep on 38.1 cm spacing, placing the fertilizer band
19.1 cm from both sides of the planted row (Model Generation 111 Fertilizer Coulter, Yetter Mfg.
Co.). One site (MRD) also included placement treatments that were applied one month prior to
grain sorghum planting. These treatments also included broadcast urea treated with a urease
inhibitor — NBPT (Agrotain, 1.05 L metric ton urea™®), streamed UAN, and coultered UAN
placed at approximately 7.6 cm deep on 38.1 cm spacing, placing the fertilizer band 19.1 cm

from the plant on both sides (Model Generation 11 Fertilizer Coulter, Yetter Mfg. Co.).

Soil Nitrous Oxide Emission Measurements

Soil nitrous oxide (N2O) emissions were measured using a LI-COR N2O/H20 Trace Gas
Analyzer (Model 7820, LI-COR) paired with a LI-COR Portable Smart Chamber (Model 8200-
01, LI-COR). Measurements were collected from soil collars constructed from PVC pipe (19.7
cm inner diameter x 11 cm long), inserted approximately 6 cm into the soil, leaving 5 cm of
collar extending above the soil surface. Two of these PVVC collars were installed in the second
row of each plot, to represent 50% of the total row width of 76.2 cm, with placement resulting in
less than 2.2% overlap between chambers. The collars were installed after planting/fertilization

and remained in place throughout the duration of the growing season.
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N20 flux measurements were collected weekly at all site locations during the growing
season. Measurements were generally taken between 6:00 and 14:00 (CST). At each sampling,
the portable smart chamber head was placed over the soil collar. NoO flux measurements were
then collected with a 180 second sampling duration, a 25 second deadband, and a 45 second post
purge (LI-COR Environmental, 2024c). Realtime data viewing in the field was used to monitor
analyzer performance. Data were collected and stored in the Portable Smart Chamber, including

N20 flux, diagnostic code values, total chamber volume, date, and time.

Data were downloaded and initially processed using Soil Flux Pro software (Version
5.3.1, LI-COR). This software was also used to input collar height information to adjust the total
volume and evaluate each individual flux measurement to verify proper chamber and analyzer
operation, omitting data collected when a diagnostic code was issued from the analyzer. As data
were evaluated in Soil Flux Pro, flux measurements that displayed irregular patterns or signs of
analyzer malfunction, such as skips where N2O concentration was not collected, major N2O
concentration jumps, or major N2O concentration drops, indicating an issue with the chamber

seal or analyzer pressure, were reviewed and excluded from the dataset to ensure data quality.

N20 fluxes were calculated by the LI-COR 8200-01 Portable Smart Chamber (Model
8200-01, LI-COR) using one-second interval N2O concentration data recorded by the trace gas
analyzer (Model 7820, LI-COR) over the 180-second sampling interval. Soil Flux Pro software
(Version 5.3.1, LI-COR) was used to calculate simulated 90-second, 120-second, and 180-

second readings from the complete 180-second sample by adjusting the stop time value thus
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truncating data beyond the desired measurement window. All samples utilized a 25-second
deadband time. The unit of flux output from the system was nmol N2O m s, Appropriate unit
conversion and the molar mass of the nitrogen molecule (28.0134 g mol™) were used to adjust
the flux to a nitrogen mass per area-time basis (g N2O-N ha* day?) (Equation 2.1).

Daily Flux (g NO-N ha'l) =

nmol N>,O mol N,O 3600 s 24 h 28.0134 g of N 10,000 m?
m? - s (1-10%)nmol N,O h d mol N,O ha

Equation 2.1 Daily flux calculation where m is meters, s is seconds, h is hours, d is days, g is
grams, and ha is hectare.

Statistical Analysis

Data were analyzed in SAS Version 9.4 (SAS Institute Inc.) using the PROC REG
procedure to regress the fluxes obtained from the simulated 90-and 120-second sampling
duration (treated as independent variables) against the flux value from the 180-second sampling
duration (treated as the dependent variables). Additionally, an analysis was conducted regressing
the flux from the 90-second sampling duration against the flux value from the 120-second
sampling duration (treated as the dependent variable). This created regressions for 90-second
versus 180-second, 120-second versus 180-second, and 90-second versus 120-second sampling
durations. Regression analysis was run for each location across sampling dates, and across all
locations and sampling dates. In addition, for each regression, a t-test was conducted on the
regression slope term to test the null hypothesis that the slope was equal to 1 using the TEST

procedure in PROC REG. Statistical significance was analyzed at an alpha level of 0.05.
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Results

At 90 seconds, THD had a mean daily N.O flux of 32.80 g of N2O-N ha' d!, compared
to 39.20 g of N2O-N hatd at MRD and 52.75 g of N.O-N hadtat GYD (Table 2.1). When
evaluated at the manufacturer's recommended default sampling duration of 120 seconds (LICOR
Environmental, 2024c), THD had a mean daily N.O flux of 17.22 g of NoO-N ha*d, compared
to 39.96 g of N.O-N ha*d* at MRD and 56.97 g of N.O-N hadat GYD (Table 2.1). When
evaluated at 180 seconds, the longest sampling duration, THD had a mean daily N2O flux of
16.22 g of N2O-N ha*d?, compared to 40.68 g of N2O-N ha'd* at MRD and 59.55 g of N>O-N
hald'at GYD (Table 2.1). Mean flux levels were consistently lowest at THD across all
sampling durations, and were consistently highest across all sampling durations at GYD. Median
flux values were consistently lower than the mean for all sites and sampling durations, indicating

a positively skewed distribution of data.

A comparison between 90-second and 180-second reading resulted in mixed findings. At
each site individually, r? values were high (r? > 0.97) (Table 2.2) (Figure 2.2). Slope values at all
three sites (MRD: 0.984, GYD: 0.920, THD: 1.042) were different from one (p < 0.0006).
Although these slopes were all different than 1, THD was the only site with an overestimation
(slope > 1) while MRD and GYD both display an underestimation (slope < 1). Intercept values at
GYD (1.069) and THD (0.022) were not different from zero at each site and (p > 0.05). The
comparison at MRD was found to have an intercept (-0.815) that was different from zero (p =
0.0006). The regression on the data from THD produced the lowest RMSE (3.40), indicating
higher agreement between the two sampling durations at this site. Data from MRD also produced

a relatively low RMSE (3.51), which indicates high agreement between the two sampling
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durations at this site. Data from GYD produced a higher RMSE (29.24), indicating lower

agreement between the two sampling durations at this site.

All sites were combined for comparison between the 90-second and 180-second readings
(Table 2.3). Across all sites combined, r? values remained high (r> = 0.9813). Overall, the slope
value (0.939) was found to be different from one (p < 0.0001). When all three sites are
combined, the intercept of this comparison (0.960) was not found to be different from zero (p =
0.0742). The RMSE value for this comparison was the highest (16.89) among the sampling
duration comparisons across sites (Table 2.3). Additionally, at all locations individually and
combined, the 90-second sampling duration compared to the 180-second sampling duration had

the highest RMSE of all comparisons.

A comparison between 120-second and 180-second readings resulted in mixed results,
specifically at the MRD site (Table 2.4) (Figure 2.3). At each site individually, r? values were
consistently high (r?> > 0.99). Slope values at GYD (0.938) and THD (1.027) were different from
one (p <0.0001), while the slope value at MRD (0.998) was not different from one (p = 0.4678).
THD was the only site with an overestimation (slope > 1) while GYD displayed an
underestimation (slope < 1). Intercept values were found not different from zero at GYD (1.250)
and THD (0.085) (p > 0.05), while the MRD comparison had an intercept value (-0.643) that was
different than zero (p = 0.0002). The RMSE for MRD (1.94) and THD (2.93) were notably less

than GYD (19.92).
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Data were analyzed across-sties to compare the 120-second and 180-second readings
(Table 2.3). The resulting regression had a high r? value (r? = 0.9912). Overall, the slope value
for the 120-second to 180-second comparison (0.952) was found to be different from one (p <
0.0001). The intercept of the regression (0.946) was found to be different than zero (p = 0.0110).

The RMSE value for this comparison was (11.67) (Table 2.3).

A comparison between 90-second and 120-second readings resulted in consistent results
at each site (Table 2.5) (Figure 2.4). At each site individually, r? values of the linear regressions
were high (r? > 0.997). Slope values at all three sites (MRD: 0.986, GYD 0.985, THD: 1.015)
were all different from one (p < 0.0001). Although these slopes were all different than 1, THD
was the only site with an overestimation (slope > 1) while MRD and GYD both display an
underestimation (slope < 1). Regression intercept values at all three sites were not different from
zero (p > 0.05). This comparison at GYD showed a higher root mean squared error (RMSE)
(10.75) than MRD (2.69) and THD, which had the lowest RMSE value (0.91), indicating a

higher agreement between the two sample durations at THD and MRD compared to GYD.
Data comparing the 90-second and 120-second sampling durations were also evaluated
across all sites (Table 2.3). A high r? value was observed (r? = 0.9976). The slope value (0.990)

was found to be different from one (p < 0.0001). The RMSE value for this comparison was the

lowest (6.08) among the sampling duration comparisons across sites (Table 2.3).

Discussion
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High r? values between sampling durations were observed at MRD when comparing the
120-second and the 180-second data (r*> = 0.9986, Slope: 0.998, p = 0.468) (Table 2.5). This was
the only slope value evaluated that was not different from 1. Additionally, this comparison had a
low RMSE value (RMSE = 1.94) (Table 2.4), indicating high agreement between the two
evaluated sampling durations. This suggests that the 120-second duration can be used to collect
samples with the assumption that data quality will be statistically similar to the 180-second
values. This is supported by work done by Hutchinson & Livingston (1993) with static chambers
which suggested that shorter deployment times result in smaller disturbance of the microsite
beneath the chamber. The 90-second and 180-second comparison resulted in an intercept that
was different from zero, although this is likely not of any practical significance and likely shows

a systemic bias in the 90-second sampling duration.

Contrastingly, daily N2O fluxes at GYD calculated from integrating a 90-second
sampling duration were underestimated when compared to flux calculated from 120-second
(Slope: 0.985, p < 0.0001) and 180-second sampling durations (Slope: 0.920, p < 0.0001), with
slope being less than 1 in both comparisons. When comparing daily fluxes calculated from
integrating 120- and 180-second sampling durations at GYD, the 120-second data resulted in an
underestimation compared to the 180-second data (Slope: 0.938, p < 0.0001). This
underestimation was also observed at MRD when comparing fluxes calculated from the 90-
second sampling duration data compared to both the 120-second (Slope: 0.986, p = 0.0001) and
180-second data (Slope: 0.984, p = 0.0006). This underestimation compared to the longer

durations is further supported by De Klien and Harvey (2015) who reported that longer
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deployment times integrate flux estimates over a longer period, providing a more reliable

estimate.

Daily N2O fluxes, when calculated from a 90-second sampling duration, were
consistently overestimated at THD when compared to 120-second (Slope: 1.015, p < 0.0001) and
180-second sampling durations (Slope: 1.042, p < 0.0001) with slope being greater than 1 in both
comparisons. Additionally, at THD, the 120-second integration resulted in an overestimation of

daily N20O fluxes when compared to the 180-second integration (Slope: 1.027 p < 0.0001),

The overestimation observed at THD could be the result of the overall lower N2O flux
levels that were observed at THD compared to the other two sites. THD at 120 seconds had an
average daily N2O flux of 17.22 g of N>O-N ha' d?, compared to 39.96 g of N.O-N ha'dtat
MRD and 56.97 g of N2O-N ha'd?at GYD. This lower magnitude of fluxes overall at THD
likely contributes to the lower RMSE and overall higher agreement between sample duration
comparisons at this site. Comparatively, GYD had much higher fluxes throughout the season,
which likely increased the influence of sampling duration on the estimated flux values, resulting
in higher RMSE values and lower r? values by comparison overall. This indicates that higher
expected levels of flux might be a justifiable reason to default towards a longer sampling
duration, to capture this higher variability. This choice to use longer sampling duration for higher
expected flux levels is further supported by De Klien and Harvey (2015) who reported that
longer deployment times integrate flux estimates over a longer period, providing a more reliable

estimate.

44



Conclusion

When comparing the 90-, 120- and 180-second sampling durations using the automated
trace gas analyzer system, the 120-second and 180-second comparison at MRD had the highest
agreement between the two sampling durations, with the slope having no difference from 1.
Overall, a high agreement is observed between all the evaluated sampling duration comparisons,
especially in lower flux conditions. Agreement between sampling durations was especially high
in environments with lower season average flux values, supported by the consistently low RMSE
values at THD. Future work should include the investigation of this data by sampling date to
determine conditions that result in an underestimation compared to an overestimation. Under the
assumption that the longer duration (180-seconds) is most reliable, the consistent low RMSE
values across all sites indicate that samples can be collected at the shorter sampling durations,
especially in environments with expected low flux values, without compromising data quality.
Given these results, the manufacturer’s recommended sampling duration of 120-seconds is likely

a reliable balance between data quality and labor required for measurements.
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Tables

Table 2.1 Flux magnitude estimated using LICOR 7820 N2O/H20 analyzer system at three
sampling durations at three sites representing a semiarid climate (THD & GYD) and a
humid continental climate (MRD).

Site*

90 s 120s  180s 90s 120s  180s 90s 120s  180s

-------------------------------------- g of N,O-N hat d!

n 557 557 557 207 207 207 308 308 308
Mean 3280 1722 1622 3920 3996 40.68 52.75 56.97 59.55
Median 2.22 1.00 1.00 2526 2587 2681 11.07 1139 1124
Maximum 912.54 897.16 873.14 41210 414.67 418.84 779.65 837.17 907.16
Minimum 0.92 -35.76 -30.16 -049 -038 -055 -847 -7.60 -4.90

*(MRD, Morris County, KS; GYD, Gray County, KS; THD, Thomas County, KS)
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Table 2.2 Linear regression comparing 90-second sampling duration to 180-second
sampling duration using LICOR 7820 N20O/H20 analyzer system at three sites representing
a semiarid climate (THD & GYD) and a humid continental climate (MRD).

Regression Slope =1 Test
Site* n r RMSE p-value Intercept p-value  p-value
MRD 207 0.9954 3.1 <0.0001 -0.815 0.0091  0.0006
GYD 308 0.9789 29.24 <0.0001 1.069 0.5455  <0.0001
THD 557 0.9977 3.40 <0.0001 0.022 0.8832  <0.0001

*(MRD, Morris County, KS; GYD, Gray County, KS; THD, Thomas County, KS)
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Table 2.3 Comparison of different sampling durations used for measuring N.O emissions
with a LICOR 7820 N.O/H-O analyzer system across three sites combined.

Regression Slope = 1 Test
Comparison n r? RMSE Slope p-value Intercept p-value p-value
90x120 1072 0.9976 6.08 0.990 <0.0001 -0.112  0.5620 <0.0001

90x180 1072 0.9813 16.89 0.939 <0.0001 0.960 0.0742 <0.0001
120x180 1072 0.9912 11.67 0.952 <0.0001 0.946 0.0110 <0.0001
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Table 2.4 Linear regression comparing 120-second sampling duration to 180-second
sampling duration using LICOR 7820 N20O/H20 analyzer system at three sites representing
a semiarid climate (THD & GYD) and a humid continental climate (MRD).

Regression Slope =1 Test
Site* n r2 RMSE Slope  p-value Intercept p-value p-value
MRD 207 0.9986 1.94 0.998 <0.0001 -0.643 0.0002 0.4676
GYD 308 0.9904 19.92 0.938 <0.0001 1.250 0.2996 <0.0001
THD 557 0.9982 2.93 1.027  <0.0001 0.085 0.5038 <0.0001
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Table 2.5 Linear regression comparing 90-second sampling duration to 120-second
sampling duration using LICOR 7820 N20O/H20 analyzer system at three sites representing
a semiarid climate (THD & GYD) and a humid continental climate (MRD).

Regression Slope =1 Test
Site* n r2 RMSE Slope p-value Intercept p-value  p-value
MRD 207 0.9973 2.69 0.986 <0.0001 -0.192 0.4183  0.0001
GYD 308 0.9971 10.75 0.985 <0.0001 -0.474 0.4662  <0.0001
THD 557 0.9998 0.91 1.015 <0.0001 -0.068 0.0889  <0.0001

*(MRD, Morris County, KS; GYD, Gray County, KS; THD, Thomas County, KS)
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Figures
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Figure 2.1 Thomas County, KS (THD), Gray County, KS (GYD), and Morris County,

KS (MRD) field site locations across Kansas represent three distinct precipitation
environments (adapted from the Office of the Kansas State Climatologist, 2020).
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Figure 2.2 90-second sampling duration (g N2O-N ha* day*) (Flux90) by 180-second
sampling duration (g N2O-N ha day*) (Flux180) integration of all flux data at Thomas

County (THD), Gray County (GYD), and Morris County (MRD).
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Figure 2.3 120-second sampling duration (g N2O-N ha day*) (Flux120) by 180-second
sampling duration (g N2O-N ha day*) (Flux180) integration of all flux data at Thomas
County (THD), Gray County (GYD), and Morris County (MRD).
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Figure 2.4 90-second sampling duration (g N2O-N ha* day*) (Flux90) by 120-second
sampling duration (g N2O-N ha day*) (Flux120) integration of all flux data at Thomas
County (THD), Gray County (GYD), and Morris County (MRD).
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Chapter 3 - Chamber Placement Effects on Nitrous Oxide Emission

Estimation

Abstract

Nitrous oxide (N20) emissions have high spatial variability across the landscape, which
can be difficult to quantify, especially in an agricultural setting with management using banded
fertilizer applications. This study focused on the effects of chamber placement on N2O flux in
banded (38 cm centers) and non-banded nitrogen fertilizer treatments. Nitrous oxide emission
measurements were collected using a trace gas analyzer system from grain sorghum fields with
76.2 cm rows at sites throughout central and western Kansas. Nitrogen fertilizer was applied at
varying rates, placements, and timings. Rates of application were 0, 33.6, 67.3, 100.8, 134.5,
168.1, and 201.8 kg N ha. Placement treatments were applied at planting at 67.3 kg N ha* and
included broadcast urea treated with urease inhibitor — NBPT (N-(n-butyl) thiophosphoric
triamide) (Agrotain, 1.05 L metric ton urea), streamed UAN, and coultered UAN placed at
approximately 7.6 cm deep on 38.1 cm spacing, placing the fertilizer band 19.1 cm from the
plant on both sides (Model Generation 111 Fertilizer Coulter, Yetter Mfg. Co.). One site also
included these placement treatments applied one month prior to planting. Emissions were
collected from two chambers in each plot, one adjacent to the row and over the fertilizer band
(on-band), and one centered in the inter-row area between the fertilizer bands (inter-row). In non-
banded treatments, two chambers were placed in the same positions. Statistical analysis was
conducted using SAS Version 9.4. PROC MIXED procedures. When evaluating rate treatments,
there was an interaction between chamber position and nitrogen fertilizer rate (p = 0.0043). At

high rates (>100.8 kg ha*), the on-band chambers had higher flux values than the inter-row
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treatments (p < 0.05). On sampling days with high N2O flux levels, differences between the two
chamber placements were the largest. Since these two chamber placements had significant
differences from one another, plots missing on-band chambers should be omitted from daily flux
calculations to avoid underestimating or overestimating flux. Across all fertilizer placement
treatments (broadcast urea with urease inhibitor - NBPT, streamed UAN, coultered UAN, and no
nitrogen control) and at all sites, the interaction between fertilizer placement and chamber
position was not significant at o = 0.05 but was significant at o = 0.1. Streamed UAN placements
applied in a band at both application timings did show differences between flux values in the
inter-row and on-band chambers (p = 0.0768). There was no statistical difference between the
on-band and inter-row chambers in the broadcast urea with urease inhibitor - NBPT and no
nitrogen control treatments. However, the mean flux for the on-band chamber overall was 0.45
nmol N.O m2 s and the mean flux for the inter-row chamber overall was 0.29 nmol N,O m? s
indicating a strong overriding influence of chamber position (p = 0.0001). Given the variability
of collected results, plots with banded fertilizer application where either the on-band or inter-row
chamber had missing data, should be omitted from analysis because of the potential of influence
from the high concentration of fertilizer in one area. Chamber position as a main effect was
highly significant when all sites were evaluated, meaning that regardless of fertilizer rate or
placement relative to the chamber, there is enough inherent spatial variability that plots missing

one of the two chambers should be omitted from the dataset.

Key Findings
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e In banded treatments, chamber position resulted in a statistical difference between

on-band and inter-row chambers at higher rates.

e In placement treatments, where a low rate of nitrogen was applied with different

methods, on-band and inter-row were not statistically different from one another.

e Asa best practice, in banded fertilizer studies, there is no suitable substitute

replacement for the on-band chamber.

Introduction

Increased nitrogen fertilizer use accounted for 64% of the agricultural soil N2O emissions
increase since 1900 (Lu et al., 2022). N2O emissions have been shown to vary greatly across a
landscape (Ambus and Christensen, 1994). Landscape position, inorganic nitrogen concentration,
and total organic carbon can influence the spatial variability of denitrification across a landscape
(Johnson et al., 2022). Nitrous oxide is primarily derived from two parts of the global nitrogen
cycle, nitrification, and denitrification (Gruber and Galloway, 2008). Nitrification and
denitrification are processes that are driven by microbial activity and soil properties, which in
turn influence N2O emissions. Nitrification is the main N2O producing pathway in low moisture
conditions (Wang et al., 2023). Nitrification creates N2O when ammonium oxidizers use NO>™ as
an alternate electron acceptor when oxygen is limited, causing natural N2O emissions (Granli and
Beckman, 1994). The availability of NH4* and NHs limits nitrification throughout the soil

system (Norton, 2008). Therefore, locations on the field with higher concentrations of NH4* or
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NHs, like a band of concentrated fertilizer, might have higher potential for increased N2O loss

through nitrification.

Denitrification becomes the main pathway of N2O emission in high moisture conditions
(Rudaz et al., 1990; Wang et al., 2023). One of the main factors contributing to denitrification’s
spatial variability is landscape position, with low spots having higher moisture accumulation,
leading to increased levels of denitrification (Pennock et al., 1992). The relative size of an N,O
hot moment, a short period of time when N2O flux is elevated, depends on how much water is
added and how saturated the soil is (Barrat et al., 2020). The potential for denitrification losses of
nitrogen as N2O is high, particularly if high intensity rainfall occurs early in the growing season,
when nitrogen has not yet been taken up by the crop (Schwenke and Haigh, 2016).
Denitrification’s association with moisture availability across a landscape could potentially
contribute to spatial variability occurring without fertilizer influence. This moisture variability,
combined with the concentrated application of fertilizer, may create the potential for N.O

production hot spots in the field.

There are recommendations and protocols used for sampling N2O emissions using the
static chamber method to ensure proper spatial representation. The USDA-ARS GRACEnet
Project Protocol recommends that for N2O flux measurements using chambers smaller than the
row width, chambers be placed in both the row and inter-row areas of a plot to appropriately
represent the space (Parkin and Venterea, 2010). Further, when large spatial variability is
expected to exist, experiment structure, chamber number, and chamber placement may need to

be adjusted to reduce variability (Chadwick et al., 2014). Experiments with nitrogen fertilizer
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placed in a narrow band may have some expected spatial variability. In which case, chamber
placement should be adjusted to represent this expected variability (De Klien and Harvey, 2015).
Multiple experiments across environments report influence of chamber placement on N2O
emission estimation when using a static chamber method. Cai et al. (2012) estimated daily N2O
emissions with the static chamber method and found that the chamber covering the row and
interrow space had higher emissions than the chamber covering only the interrow space.
Chadwick et al. (2014) evaluated five chambers per plot using the static chamber method, with
large variability existing between all the chambers, especially on days with large flux.
Additionally, fertilizer application method had an influence on the impact chamber placement
made on N2O emission estimation using the static chamber method (Liu et al., 2023). Literature
does not yet describe the influence of chamber placement on estimation of N2O emissions when
using an automated trace gas analyzer system. The fixed size of such systems makes it difficult
to adjust chamber size to cover a large, representative row area, since the volume and area are

fixed in these systems.

The objective of this analysis was to assess how chamber placement relative to grain
sorghum crop rows and nitrogen application bands influence cumulative N2O emission
measurements to inform assumptions about missing data. Hypotheses were (i) chamber position
will impact N2O emission estimates in banded treatments, with influence increasing at higher
nitrogen application rates and (ii) chamber position will not have an impact on non-banded

treatments.
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Materials & Methods

Experimental Design

Individual chamber flux data were evaluated from chambers located in two positions.
One was centered 19.1 cm off the planted row (on-band chamber). The second was centered 38.1
cm off the planted row, which corresponds to the center of the inter-row space (inter-row
chamber). These chambers were installed in plots that received a range of fertilizer rates (0, 33.6,
67.3, 100.9, 134.5, 168.1, 201.8 kg N ha!) as streamed UAN and placements applied at 67.3 kg
N ha as broadcast urea treated with a urease inhibitor — NBPT (N-(n-butyl) thiophosphoric
triamide) (Agrotain, 1.05 L metric ton urea), streamed UAN, and coultered UAN. Treatments
were evaluated at four site locations over the course of two years (2024 & 2025; Figure 3.1). The
experiment was arranged in a randomized complete block design with four replications at each
site. Nitrogen placement treatments were also established at each site. Applications were made at
grain sorghum planting, and all nitrogen placement applications were made at 67.3 kg N ha™.
Placement treatments included broadcast urea treated with urease inhibitor -NBPT, streamed
UAN, and coultered UAN placed at approximately 7.6 cm deep on 38.1 cm spacing, placing the
fertilizer band 19.1 cm from the plant on both sides (Model Generation 111 Fertilizer Coulter,
Yetter Mfg. Co.). One site also included placement treatments that were applied one month prior
to grain sorghum planting. These treatments also included broadcast urea treated with urease
inhibitor -NBPT, streamed UAN, and coultered UAN placed at approximately 7.6 cm deep on
38.1 cm spacing, placing the fertilizer band 19.1 cm from the plant on both sides (Model

Generation 111 Fertilizer Coulter, Yetter Mfg. Co.).
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Soil Nitrous Oxide Emission Chamber Placement and Installation

Soil nitrous oxide (N20) emissions were collected from soil collars constructed from
PVC (19.7 cm inner diameter x 11 cm long), inserted approximately 6 cm into the soil, leaving 5
cm of offset. N2O flux measurements were collected from two collars in each plot. Collar A was
centered 19.1 cm off the planted row. This location corresponds with the fertilizer band in
streamed and coultered treatments (on-band chamber). Collar B was centered 38.1 cm off the
planted row, which is directly between the two fertilizer bands in applicable treatments and
corresponds to the center of the inter-row space (inter-row chamber). Collars were placed with
40 cm of space between them to allow for instrumentation space (Figure 3.2). When N20 flux

measurements were collected, collar A was read first, followed by collar B.

Soil Nitrous Oxide Emission Measurements

Measurements were collected using a N2O/H2O Trace Gas Analyzer (Model 7820, LI-

COR) paired with a Portable Smart Chamber (Model 8200-01, LICOR). N2O flux measurements
were collected weekly at all site locations during the growing season. Measurements were
generally taken between 6:00 and 14:00 (CST). On each sampling date, the portable smart
chamber head was placed over the soil collar. N2O flux measurements were then collected with a
120 second observation time, a 25 second deadband, and a 45 second post purge (LI-COR
Biosciences, 2021). Realtime data viewing in the field was used to monitor analyzer
performance. Data were collected and stored in the Portable Smart Chamber, including N2O flux,

diagnostic code values, total chamber volume, date, and time.
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Flux data were downloaded and initially processed using Soil Flux Pro software (Version
5.3.1, LI-COR). This software was also used to input collar height information to adjust the total
volume and evaluate each individual flux measurement to verify proper chamber and analyzer
operation, omitting data collected when a diagnostic code was issued from the analyzer. Flux
measurements that displayed irregular patterns or signs of analyzer malfunction, such as skips
where N2O concentration was not collected, major N>O concentration jumps, or major N2O
concentration drops, indicating an issue with the chamber seal or analyzer pressure as identified

in Soil Flux Pro, were reviewed and excluded from the dataset to ensure data quality.

N20 fluxes were calculated by the LI-COR Portable Smart Chamber using one-second
interval N2O concentration data recorded by the N2O/H20 Trace Gas Analyzer over the 120-

second sampling interval. Flux calculations were provided in nmol N2O m?s™,

Statistical Analysis

Prior to statistical analysis, data were divided into two subsets, rate and placement. Each
data set was analyzed as a randomized complete block design with four replications. Statistical
analysis was conducted using SAS Version 9.4. (SAS Institute Inc.) PROC MIXED procedures
were used to evaluate the effects of chamber position, nitrogen application rates or nitrogen
application methods, and day of year on flux measurements. Within each site year, all main
effects and interactions were evaluated. Across site years, PROC MIXED procedures were used

to assess the effects of chamber position and nitrogen application rates or nitrogen application
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methods on flux measurements. Sites were selected intentionally based on climate conditions, so
site year was evaluated as a fixed effect. Replication was included as a random effect. The
subsets were evaluated for effects at all sites and at each individual site year. Alpha levels of

0.05 and 0.1 were used for statistical analyses.

Results & Discussion

Role of Chamber Placement in Assessing N2O Emissions from Surface Banded UAN
Rate Studies

There was an interaction between chamber position and rate (p = 0.0043, Table 3.2). The
flux values from on-band chambers did increase with increasing nitrogen rate (Table 3.3, Figure
3.3). At higher nitrogen application rates, the effect of chamber placement was larger (Table 3.3,
Figure 3.3). N20O fluxes from the inter-row chambers numerically increase with increasing
nitrogen fertilizer rate, while only statistically different from the control at the highest nitrogen
application rate (201.8 kg ha, Table 3.3, Figure 3.3). At fertilizer rates > 134.5 kg hal, the on-
band chambers had higher flux values than the inter-row treatments (p < 0.05, Table 3.3, Figure
3.3). The main effect of chamber placement across all sites was significant, with the on-band
chambers being higher than the inter-row chambers (p < 0.0001, Table 3.2). This corresponds
with work done by De Klien and Harvey, (2015) in static chamber systems, where expected
spatial variability, like fertilizer placement in a narrow band, necessitates the placement of

multiple chambers to spatially represents and therefore weight this variability.
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When evaluated further by site and site time, two sites showed strong support of the
hypothesis that chamber placement impacts emission estimates in banded treatments. At GYD24,
the inter-row chamber was different from the on-band chamber at a rate of 168.1 kg ha™* and
above (Table 3.4, Figure 3.4). At MRD24, the inter-row chamber was different from the on-band

chamber at fertilizer application rates at or higher than 100.9 kg ha (Table 3.5, Figure 3.5).

When evaluating effects from day of year (DOY) at GY D24, with all rates combined,
only one sampling date, 173 (two weeks following fertilizer application), with exceptionally high
fluxes (up to 12.14 nmol N2O m s), resulted in a difference between the on-band and inter-row
chambers (Table 3.6) All sampling dates besides DOY = 173 showed no differences between
fluxes in the no nitrogen control and the inter-row chamber placement at all rates (p < 0.05). At
MRD24, with all rates combined, only one sampling date, 228 (51 days following fertilizer
application), with exceptionally high fluxes (up to 10.68 nmol N2O m s, resulted in a
difference between the on-band and inter-row chambers (p < 0.05; Table 3.7). All other sampling
dates showed no differences between fluxes in the no nitrogen control and the inter-row chamber
placement at all rates (p > 0.05). With the exception of DOY 173 at GYD24 and 228 at MRD24,
recorded fluxes were relatively low and similar to recorded fluxes at other sites where
differences were not observed. This difference in magnitude may have contributed to the
differences observed between the control and the inter-row chamber placement on these specific
dates. Days with conditions conducive to higher fluxes are when chamber positions are the most
important for representing the space appropriately. Cai et al. (2012) reports N2O flux values from

the row plus interrow space to be greater than just the interrow space, indicating that if one of the
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chambers was missing, using the other chamber to substitute for the other would skew the

results.

At THD and RND, the interaction between day of year and chamber position was not
significant (Table 3.2). Most data from the site time analysis showed that there was no difference
between fluxes in the no nitrogen control and the inter-row chamber placement at all rates (p <

0.05).

Since these collected flux values from the on-band and inter-row are different for the
across site analysis (p < 0.0001) and for two of the four sites (MRD24, p = 0.0471; GYD24,
0.0306) (Table 3.2), if one chamber value is missing, the other chamber value cannot be
substituted as the average for the entire plot area. This is supported by protocols from the static
chamber method, which support the use of smaller chambers in both the row area and the inter-
row area to represent the entire area of the plot (Parkin and Venterea, 2010). Even though the
relationship is dependent on rate, having a consistent protocol for dealing with plots that are
missing flux data from either the inter-row or on-band chamber will require that these plots be
omitted from calculation. This work is consistent with protocols for use of the static chamber
method developed by De Klien and Harvey (2015), which indicated that chambers placed in
plots with expected spatial variability, like the stream banded fertilizer in our study, should be
placed to represent this variability. With chamber placement having such clear effects on
estimated daily flux, plots that do not have both chambers represented will likely be skewed by

this spatial variability that requires both chambers to capture.
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Role of Chamber Placement in Assessing N2O Emissions from Broadcast, Surface

Banded, and Subsurface Banded Nitrogen Fertilizer Placement Studies

Across all treatments (broadcast urea with urease inhibitor - NBPT, streamed UAN,
coultered UAN, and no nitrogen control) and at all sites, the interaction between fertilizer
placement and chamber position was not significant at o = 0.05 but was significant at o = 0.1
(Table 3.8). Main effects of chamber position and fertilizer placement method were both
significant when all sites were analyzed together. The mean flux for the on-band chamber was
0.45 nmol N2O m s and the mean flux for the inter-row chamber was 0.29 nmol N2O m? st
indicating a strong overriding influence of chamber position (p = 0.0001, Table 3.8). The
interaction of chamber position and placement, when evaluated at oo = 0.1, the on-band and inter-
row chambers in the at-planting broadcasted treatment and the no nitrogen control did not show
differences at any site (Table 3.9). In contrast to the broadcast treatments, when compared across
all sites streamed UAN placements applied in a band at both application timings did show
differences between flux values in the inter-row and on-band chambers (p = 0.0768, Table 3.9).
However, coultered treatments applied in a band at planting did not show differences between
the on-band and inter-row chambers, while coultered treatments applied in a band in the early

treatment at MRD24 did result in difference (Table 3.9).

When evaluated by site, the hypothesis that non-banded treatments will not have a
relationship with chamber position was partially supported. At MRD24, while there was no
interaction between chamber position and fertilizer placement, chamber position as a main effect
was significant (Table 3.8), suggesting that in addition to the influence of fertilizer, spatial

variability potentially from other processes such as plant uptake support that the on-band and

67



inter-row chambers are different from one another. Cai et al. (2012) reports N2O flux values
from the row plus interrow space to be greater than just the interrow space, indicating that if one
of the chambers was missing, using the other chamber to substitute for the other would skew the

results.

At GYD24, THD24, and RND25 no differences were detected between the two chambers
in the broadcast urea with urease inhibitor - NBPT and no nitrogen control treatments (p > 0.05).
Streamed and coultered UAN treatments applied in bands also did not show statistical

differences between the on-band and inter-row chambers (Table 3.8).

Overall, these results conclusively show that there was no statistical difference between
the on-band and inter-row chambers in the broadcast urea with urease inhibitor - NBPT and no
nitrogen control treatments. This is supported by work from Folorunso and Rolston (1984),
where chamber placement was investigated using the static chamber method and found that N2O
flux values were spatially independent of one another under broadcast organic fertilizer
treatments. However, this spatial independence contrasts with work from Ambus and
Christensen (1994) and Chadwick et al. (2014) that both report high N2O emission variability
over very short distances. Like broadcast and no nitrogen control treatments, coultered
placements that were applied in bands at planting did not show a difference between the on-band
and inter-row chambers (Table 3.9). However, coultered placement applied early did result in a
difference between the two chambers (Table 3.9). This difference between the early and at-
planting treatment suggests that there is potential for spatial dependence, even if not consistently

observed in this work. This spatial independence shown from the coultered treatment at planting
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contrasts with work from Liu et al. (2023), that reports correlation between nitrogen fertilizer
placement and chamber placement, though this study used a much higher rate of nitrogen
fertilizer (285 kg ha) than was applied in our work (67.3 kg ha™). The observed spatial
independence in our study is likely due to this relatively low rate of nitrogen application (67.3 kg
ha!), since we began observing differences between the on-band and inter-row chambers at rates

higher than 100.9 kg ha* (Table 3.3).

These findings inform the decision to continue to use data from plots with either
broadcast or no nitrogen control treatments where either the on-band or inter-row chamber had
missing data, since the remaining chamber would represent a statistically similar flux level
(Table 3.9). However, given the variability of collected results, plots with banded fertilizer
application where either the on-band or inter-row chamber had missing data, should be omitted
from analysis because of the potential of influence from the high concentration of fertilizer in

one area.

Conclusion

In rate treatments applied as streamed UAN in a narrow band, chamber position resulted
in a statistical difference between on-band and inter-row chambers at higher rates (> 100.9 kg ha’
1). The chambers located between fertilizer bands generally did not produce a flux that was
statistically different from the daily no nitrogen control flux value. At lower nitrogen rates,
chamber position had a much smaller effect on overall flux values. Chamber position as a main

effect was highly significant when all sites were evaluated, meaning that regardless of fertilizer
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rate or placement relative to the chamber, there is enough inherent spatial variability from the
added fertilizer in the evaluated area that these values should not be substituted for one another
and that plots missing one of the two chambers should be omitted from the dataset. Overall,
chamber position relative to fertilizer placement plays a major role, which informs the need to
place chambers to represent expected spatial variability. These results also support omitting plots
where the entire row area was not spatially represented, ensuring that the calculated mean flux

represents expected or unexpected spatial variability.
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Tables

Table 3.1 Descriptions of evaluated site years including 30-year average annual
precipitation and temperature (Office of the State Climatologist, 2020), Képpen Climate
Classification**, elevation, and soil type (USDA NRCS, 2019).

Site* 30-Year Average 30-Year Average Koéppen Climate Elevation Soil Type

Annual Annual Classification**
Precipitation Temperature
mm °C m
MRD24 860 125 Cfa 416 Irwin silty clay
loam
GYD24 550 12.8 Bsk 851 Richfield silt
loam
THD24 500 11.2 Bsk 1005 Keith silt loam
RND25 770 135 Cfa 467 Shellabarger
sandy loam

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)

** Koppen Climate Classification (Cfa, humid sub-tropical climate; Bsk, cold semi-arid
climate) obtained from Climate Change & Infectious Diseases Group and Brugger, (2017) based
on the data of Kotteck et al. (2006)
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Table 3.2 Analysis of Variance (ANOVA) table for four site years*, MRD24, GYD24,
THD24, and RND25 evaluating relationships between chamber position, nitrogen fertilizer
application rate (Rate), and day of year (DOY). Bolded values represent statistical
significance at p < 0.05.

All Sites MRD?24 GYD24 THD24 RND25

Chamber Position** <0.0001 <0.0001 0.0059 0.6719 0.1413
Rate <0.0001 <0.0001 <0.0001 0.0063 <0.0001
Chamber Position*Rate 0.0043 0.0471 0.0306 0.2553 0.3375
DOY . <0.0001 <0.0001 <0.0001 <0.0001
DOY*Chamber Position . <0.0001 <0.0001 0.9966 0.2753
DOY*Rate . <0.0001 <0.0001 <0.0001 <0.0001
DOY*Chamber Position*Rate . 0.1427 0.1898 0.9366 0.9947

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)

**p values presented represent comparisons of least square means between the inter-row
chamber and the on-band chamber within each nitrogen rate.
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Table 3.3 Comparison of estimate values for all evaluated site years*, evaluating
relationships between chamber position and nitrogen fertilizer application rate (Rate)
applied as a stream over the on-band chamber position. Letters indicate statistical
significance at p < 0.05.

Chamber Position

Rate On-Band Inter-Row

kghat e NMOI N,O M2 St —mmmmmm e
0 0.22E 0.23 DE

33.6 0.28 CDE 0.36 BCDE

67.3 0.53 BCDE 0.43 BCDE

100.9 0.73B 0.37 BCDE

134.5 1.27 A 0.55 BCDE

168.1 1.44 A 0.62 BCD

201.8 1.20 A 0.65BC

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)
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Table 3.4 Comparison of estimate values for GYD24*, evaluating relationships between
chamber position and nitrogen fertilizer application rate (Rate) applied as a stream over
the on-band chamber position. Letters indicate statistical significance at p < 0.05.

Chamber Position

Rate On-Band Inter-Row

kghat e NMOI NoO M2 S mmmmmm oo
0 0.21D 0.10D

33.6 0.43D 0.86 CD

67.3 0.43D 050D

100.9 0.66 D 0.61D

134.5 2.39 AB 0.93 BCD

168.1 3.09A 1.04 BCD

201.8 2.32 ABC 0.64 D

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)
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Table 3.5 Comparison of estimate values for MRD24*, evaluating relationships between
chamber position and nitrogen fertilizer application rate (Rate) applied as a stream over
the on-band chamber position. Letters indicate statistical significance at p < 0.05.

Chamber Position

Rate On-Band Inter-Row

kghat e NMOI N;O M2 §1 —mmmmmmm oo
0 0.35C 0.40C

33.6 0.35C 0.24C

67.3 0.88 BC 0.58C

100.9 1.65 A 0.46 C

134.5 1.27 AB 0.60 BC

168.1 1.78 A 0.72BC

201.8 1.66 A 0.59 BC

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)
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Table 3.6 Comparison of estimate values for GYD24*, evaluating relationships between
chamber position and day of year (DOY) applied as a stream over the on-band chamber
position. Letters indicate statistical significance at p < 0.05.

Chamber Position

DOY On-Band Inter-Row
---------------------------- nmol N,O m2s?

166 1.19CD 1.32CD
173 12.14 A 4.04B
180 0.88 CD 0.18 D
193 2.70 BC 0.66 CD
200 0.42D 0.06 D
207 0.07D 0.04 D
215 0.23D 0.07D
227 -0.06 D 0.97 CD
236 0.01D -0.01D
243 0.30D 0.03D
250 0.07D -0.01D
257 -0.01D -0.01 D
285 -0.12D -0.07D

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)
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Table 3.7 Comparison of estimate values for MRD24*, evaluating relationships between
chamber position and day of year (DOY) applied as a stream over the on-band chamber
position. Letters indicate statistical significance at p < 0.05.

Chamber Position

DOY On-Band Inter-Row
---------------------------- nmol N,O m2s?

185 1.72C 1.47 CD

192 1.48C 0.89 CDEFG

199 0.23 EFG 0.17 FG

205 0.19 FG 0.19 FG

215 1.03 CDEF 0.56 CDEFG

219 0.26 EFG 0.09 FG

228 10.68 A 3.56 B

235 1.28 CDE 0.34 DEFG

240 0.39 DEFG 0.04 FG

247 0.06 FG 0.04 FG

254 0.03 FG -0.01 FG

261 0.02 FG -0.01 FG

269 0.71 CDEFG 0.29 DEFG

276 0.05 FG -0.03 FG

283 -0.04 FG -0.05G

290 -0.03 FG -0.03 FG

297 -0.05G -0.06 G

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)
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Table 3.8 Analysis of Variance (ANOVA) table for four site years*, MRD24, GYD24,
THD24, and RND25 evaluating relationships between chamber position and nitrogen
fertilizer application placement (Placement). Bolded values represent statistical
significance at p < 0.05.

All Sites MRD24 GYD24 THD24 RND25
Chamber Position** 0.0001 0.0039 0.5057 0.2773 0.9554
Placement 0.0009 0.0087 0.3642 0.0482 <0.0001
Placement*Chamber Position 0.0768 0.2028 0.3152 0.8834 0.6374

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)

**p values presented represent comparisons of least square means between the inter-row
chamber and the on-band chamber within each nitrogen placement.
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Table 3.9 Comparison of estimate values for all sites*, evaluating relationships between
chamber position and nitrogen fertilizer application method (Placement) including
treatments applied at planting and early (one month prior to planting). Letters indicate
statistical significance at p < 0.1.

Chamber Position

Placement On-Band Inter-Row
------------------- nmol N,O m2 s+ --

Control 0.25FG 022G

Early — Broadcast Treated Urea 0.47 ABCD 0.28 DEFG

Early — Streamed UAN 0.61 AB 0.18 FG

Early — Coultered UAN 0.55 ABC 0.26 EFG

At Planting — Broadcast Urea with 0.37 CDEF 0.37 CDEF

Urease Inhibitor - NBPT

At Planting — Streamed UAN 0.59 A 0.41 BCDE

At Planting — Coultered UAN 0.30 DEFG 0.30 DEFG

*(MRD24, Morris County, KS in 2024; GYD24, Gray County, KS in 2024; THD24, Thomas
County, KS in 2024; RND25, Reno County, KS in 2025)
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Figures
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Figure 3.1 Thomas County, KS (THD), Gray County, KS (GYD), Reno County, KS (RND),

and Morris County, KS (MRD) field site locations across Kansas represent three distinct
precipitation environments (adapted from the Office of the Kansas State Climatologist,

2020).
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Figure 3.2 In-season soil collar placement for nitrous oxide (N.O) sample collection to
spatially represent both on-band and between-band treatments.
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Figure 3.3 Comparison of estimate values for all evaluated site years, evaluating

relationships between chamber position and nitrogen fertilizer application rate (Rate)
applied as a stream over the on-band chamber position.
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Figure 3.4 Comparison of estimate values for GYD24, Gray County in 2024, evaluating

relationships between chamber position and nitrogen fertilizer application rate (Rate)
applied as a stream over the on-band chamber position.
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Figure 3.5 Comparison of estimate values for MRD24, Morris County in 2024, evaluating

relationships between chamber position and nitrogen fertilizer application rate (Rate)
applied as a stream over the on-band chamber position.
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Chapter 4 - Nitrous Oxide Emissions from Grain Sorghum

Production

Abstract

The Intergovernmental Panel on Climate Change (IPCC) approximates the global
warming potential of N2O at 300 times that of carbon dioxide. More than one third of all N.O
emissions are anthropogenic and are primarily due to agriculture. This study aims to compare
N20 emissions from sorghum fields under varying precipitation regimes and fertilizer
management, to assess whether the IPCC default emissions factor of 1% overestimates these
emissions and to evaluate how disaggregating this factor based on environmental and
management factors could improve its accuracy. Field trials were conducted over six site years
with a range of annual precipitation (350 mm -700 mm). The study evaluated six nitrogen
application rates of streamed UAN (including a control), along with three additional product &
placement combinations, evaluated both at planting and one month prior to planting. N2O fluxes
were measured using an N2O/H-0O trace gas flux analyzer (Model 7820, LI-COR) and portable
Smart Chamber system (Model 8200-01, LI-COR) and processed using Soil Flux Pro software
(Version 5.3.1, LI-COR). Analysis of cumulative N2O emissions data show an influence of
nitrogen application rate on cumulative N2O flux at all evaluated site years (p < 0.0001).
Increasing nitrogen fertilizer application rates resulted in higher cumulative N2O emissions (p <
0.05). Overall, nitrogen fertilizer applied one month prior to planting did not show any
differences between nitrogen fertilizer application methods. Sorghum grown in dryer
environments generally did result in lower cumulative N2O emissions compared to sorghum

grown in wetter environments with similar nitrogen treatments. N2O emissions from grain
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sorghum did not always peak within the first two weeks following nitrogen application, but a
peak was observed within the first month following nitrogen application, typically following a
rainfall event. Overall, increasing nitrogen rate did not result in increased N2O emission factors
and subsurface placement with a coulter or addition of the urease inhibitor — NBPT (N-(n-butyl)
thiophosphoric triamide) did not clearly reflect a reduction in emissions factors in evaluated
environments. The EF values calculated, specifically those from the more characteristic rainfall
year, 2025, are largely in-line with IPCC’s disaggregated EF value for arid and semiarid

environments of 0.5 percent (IPCC, 2019).

Key Findings

e Increasing nitrogen fertilizer application rates resulted in higher cumulative N2O

emissions.

e Overall, increasing nitrogen rate did not result in increased N2O emission factors
and subsurface placement with a coulter or addition of a urease inhibitor did not

clearly reflect a reduction in emissions factors in evaluated environments.

e EF values, specifically those from the more characteristic rainfall year, 2025, are

largely in-line with IPCC’s disaggregated EF value for arid and semiarid

environments of 0.5 percent (IPCC, 2019).
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Introduction

Greenhouse gases result from both natural and anthropogenic sources that absorb and
emit radiation at specific wavelengths which result in the greenhouse effect (IPCC, 2012). Water
vapor (H20), carbon dioxide (CO2), nitrous oxide (N2O), methane (CHa), and ozone (Os) are the
primary greenhouse gases in the Earth’s atmosphere (IPCC, 2012). Of these gases, agricultural
production mainly contributes to the emission of methane, carbon dioxide, and nitrous oxide

(Adegbeye et al., 2020; IPCC 2007).

Of these greenhouse gases, N2O has very powerful effects in the atmosphere. N.O
contributes to ozone depletion and requires 114 years to decay in the atmosphere, compared to
methane’s 12 years (IPCC, 2007; Ravishankara et al., 2009). Over a 100-year timeline, N2O has
a global warming potential that is approximately 300 times that of carbon dioxide (IPCC, 2007,
US Environmental Protection Agency, 2024). The global atmospheric N2.O concentration has
increased from a pre-industrial level of approximately 270 ppb to 319 ppb in 2005 (IPCC, 2007).
In 2019, the concentration of N2O in the atmosphere was 332 ppb (IPCC, 2021). This increase in
atmospheric concentration is, in part, due to the increased use of nitrogen fertilizers during the
same period. Increased nitrogen fertilizer use accounted for 64% of the agricultural soil N2O

emissions increase since 1900 (Lu et al., 2022).

Agricultural practices can be used to decrease N.O emissions from cropping systems.

Most N20O emissions occur during periods when the soil is moist. N2O production in all soils

increases with increasing soil moisture, with little N2O emitted from dry soils (Barton et al.,
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2007; Pihlatie et al., 2004; Storlien et al., 2014; Storlien et al., 2013). Daily N>O emissions are
best correlated with precipitation and water filled pore space (Barton et al., 2007; Malhi and
Lemke, 2007). With these emissions increasing when soil is moist, crops like sorghum, that are
grown in areas with lower rainfall, could show less N.O emissions over time. In grain sorghum
experiments, dry weather resulted in lower N2O emissions and fewer detectable fluxes (Barton et
al., 2007; Storlien et al., 2013). The Intergovernmental Panel on Climate Change (IPCC) uses a
default emissions factor of 1% for modeling N2O emissions from managed soils receiving
nitrogen additions (IPCC, 2006). This means that 1% of applied nitrogen is assumed to be lost as
N20 to the atmosphere. In 2019, the IPCC revised default emissions factors based on
environment. In wet environments, synthetic nitrogen fertilizer application has a default emission
factor of 1.6 %. In dry climates, the default emission factor for synthetic nitrogen fertilizer was
adjusted to 0.5% (IPCC, 2019). The default emission factor synthetic nitrogen fertilizer for all
other environments remains at 1.0% (IPCC, 2019). With emissions decreasing when soil is dry,
crops like sorghum, that are grown in areas with lower rainfall, are expected to show less N2O

emissions overall.

Nitrogen management practices like fertilizer rate and placement can impact the N.O
emissions from agricultural soils. Consistently, deeper placement of nitrogen fertilizer within the
soil results in lower N2O emissions in sorghum systems (Fertitta-Roberts et al., 2017; Van Kessel
etal., 2012). Shallow and surface placement result in higher N2O emissions across multiple
studies (Fertitta-Roberts et al., 2017; Halvorson and Del Grosso, 2013; Rychel et al., 2020).
Fertilizer rates have had varied effects on N2O emissions. Higher rates of nitrogen fertilizer

application have increased N2O emissions across many studies and cropping systems (Malhi and

92



Lemke, 2007; Preza-Fontes et al., 2020; Schwenke and Haigh, 2016). In Tribune, Kansas, the
recommended nitrogen application rate providing optimum economic return is approximately
135kg N ha (Schlegel and Havlin, 2020). Conversely, increased fertilizer rates did not increase
N20 emissions according to Barton et al. (2007) and Gehl et al. (2020). Given these mixed
results, further research is needed to understand how fertilizer rate, placement, timing and

product impact N2O emissions across different precipitation regimes.

The objective of this study was to quantify N2O emissions during grain sorghum growing
seasons across a rainfall gradient under various nitrogen management practices. The hypotheses
were: (i) sorghum grown in drier environments will exhibit lower cumulative N,O emissions
than sorghum grown in wetter environments with similar nitrogen treatments; (ii) daily N2O
emissions from grain sorghum crop fields will peak in the first two weeks following nitrogen
application; (iii) nitrogen management practices involving lower application rates, the use of a
urease inhibitor - NBPT, and deeper placement will result in reduced N2O emissions over the

growing season.

Materials and Methods

Site Descriptions

Over the course of two growing seasons (2024 and 2025), experiments were conducted at
six different site locations across a precipitation gradient in Kansas. The first and easternmost
location (MRD24) for the 2024 growing season was in Morris County (Lat/Long: 38° 47

35.5914", -96° 48' 53.8554") at an approximate elevation of 416 meters. The soil type is
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classified as Irwin silty clay loam, with a taxonomic classification of fine, mixed, superactive,
mesic Pachic Argiustoll (USDA NRCS, 2019). The region has a humid subtropical climate
(Koppen Climate Classification: Cfa), obtained from Climate Change & Infectious Diseases
Group and Brugger, (2017) based on the data of Kotteck et al. (2006). The region has an average
annual precipitation of 860 mm and an average annual temperature of 13 °C (30-year average)

(Office of the Kansas State Climatologist, 2020).

For the 2025 growing season, the first and easternmost location (RND25) was in Reno
County (Lat/Long: 37° 53' 18.456", -98° 2' 49.092") at an approximate elevation of 467 meters.
The soil type is mainly classified as Shellabarger sandy loam, with a taxonomic classification of
fine-loamy, mixed, superactive, mesic Udic Argiustoll (USDA NRCS, 2019). The region has a
humid subtropical climate (Képpen Climate Classification: Cfa), obtained from Climate Change
& Infectious Diseases Group and Brugger, (2017) based on the data of Kotteck et al. (2006). The
region has an average annual precipitation of 770 mm and an average annual temperature of 13

°C (30-year average) (Office of the Kansas State Climatologist, 2020).

The second location (GYD24) for the 2024 growing season was in Gray County
(Lat/Long: 37° 34' 32.412", -100° 24' 32.2554") at an approximate elevation of 851 meters. The
soil type is classified as mainly Richfield silt loam, with a taxonomic classification of fine,
smectitic, mesic Aridic Argiustoll (USDA NRCS, 2019). The region has a cold semi-arid climate
(Koppen Climate Classification: Bsk), obtained from Climate Change & Infectious Diseases

Group and Brugger, (2017) based on the data of Kotteck et al. (2006). The region has an average
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annual precipitation of 550 mm and an average annual temperature of 13 °C (30-year average)

(Office of the Kansas State Climatologist, 2020).

The second location (GYD25) for the 2025 growing season was in Gray County
(Lat/Long: 37° 38'40.308", -100° 25' 58.1874") at an approximate elevation of 850 meters. The
soil type is classified as mainly Harney silt loam, with a taxonomic classification of fine,
smectitic, mesic Typic Argiustoll (USDA NRCS, 2019). The region has a cold semi-arid climate
(Koppen Climate Classification: Bsk), obtained from Climate Change & Infectious Diseases
Group and Brugger, (2017) based on the data of Kotteck et al. (2006). The region has an average
annual precipitation of 540 mm and an average annual temperature of 13 °C (30-year average)

(Office of the Kansas State Climatologist, 2020).

The third and westernmost location (THD24) for the 2024 growing season was in
Thomas County (Lat/Long: 39° 14'5.4954", -101° 12' 11.8434"°) at an approximate elevation of
1005 meters. The soil type is classified as mainly Keith silt loam, with a taxonomic classification
of fine-silty, mixed, superactive, mesic Aridic Argiustoll (USDA NRCS, 2019). The region has a
cold semi-arid climate (Képpen Climate Classification: Bsk) obtained from Climate Change &
Infectious Diseases Group and Brugger, (2017) based on the data of Kotteck et al. (2006). The
region has an average annual precipitation of 500 mm and an average annual temperature of 11

°C (30-year average) (Office of the Kansas State Climatologist, 2020).

The third and westernmost location (THD25) for the 2025 growing season was in

Thomas County (Lat/Long: 39° 18' 0.612", -101° 12' 21.276") at an approximate elevation of
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1010 meters. The soil type is classified as mainly Ulysses silt loam, with a taxonomic
classification of Fine-silty, mixed, superactive, mesic Aridic Haplustoll (USDA NRCS, 2019).
The region has a cold semi-arid climate (Képpen Climate Classification: Bsk), obtained from
Climate Change & Infectious Diseases Group and Brugger, (2017) based on the data of Kotteck
et al. (2006). The region has an average annual precipitation of 500 mm and an average annual

temperature of 11 °C (30-year average) (Office of the Kansas State Climatologist, 2020).

Experimental Design

At each study location, twenty-six treatments were assigned to 4 blocks using a spatial
optimization procedure (Coombes, 2009). The plot size at all locations was 3.05 meters by 12.20
meters. Treatments consist of a factorial of six application methods by two timings at a common
nitrogen rate, 6 nitrogen rates applied as streamed UAN, and a zero applied nitrogen control.
This arrangement allows for quantification of both nitrogen use efficiency as affected by method
and time of nitrogen application as well as quantification of the overall nitrogen response
characteristics of that particular site-year from the array of nitrogen rates. Treatment levels in the
factorial include 6 application methods: dry broadcast urea, dry broadcast urea treated with
urease inhibitor - NBPT (N-(n-butyl) thiophosphoric triamide) (Agrotain, 1.05 L metric ton urea
1, streamed UAN (offset 19.1 cm on either side of the planted row), streamed UAN treated with
a urease inhibitor — NBPT (Agrotain, 2.1 L metric ton urea; offset 19.1 cm on either side of the
planted row), coultered UAN (offset 19.1 cm on either side of the planted row, placed at
approximately 7.6 cm deep), and sprayed UAN, and at two timings of nitrogen application.

Application timings are all prior to planting grain sorghum and include an at planting application
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and an application one month (4 weeks) prior to planting (Table 4.1). In the method x timing
factorial plots, nitrogen was applied at a reduced rate of 67.3 kg N ha™. The 6 nitrogen rate
treatments, applied as streamed UAN, offset 19.1 cm on either side of the planted row, were
33.6, 67.3, 100.9, 134.5, 168.1, and 201.8 kg N ha™* applied at planting for each location (Table
4.1). Grain sorghum was planted in June in 76.2 cm rows at 123,500 seeds ha™* and was

harvested in October or November (Table 4.1).

Soil Nitrous Oxide Emission Measurements and Calculations

Soil nitrous oxide (N2O) emissions were measured using an N2O/H»O trace gas analyzer
(Model 7820, LI-COR) paired with a portable Smart Chamber system (Model 8200-01, LI-
COR). Measurements were collected from four replicate plots at each site for the following
fertilizer rates (0, 33.6, 67.3, 100.9, 134.5, 168.1, 201.8 kg N ha) as streamed UAN and
placements applied at 67.3 kg N ha* as broadcast urea treated with a urease inhibitor - NBPT
(Agrotain, 1.05 L metric ton urea), streamed UAN, and coultered UAN. Additionally, N.O
fluxes were collected, at MRD24, GYD25, and THD25 from placement treatments applied one
month prior to planting at 67.3 kg N ha* as broadcast urea treated with a urease inhibitor —

NBPT (Agrotain, 1.05 L metric ton urea?), streamed UAN, and coultered UAN.

Two PVC collars (19.7 cm inner diameter x 11 cm long) were inserted approximately 6
cm into the soil, leaving 5 cm exposed above the soil surface were installed in the interrow
between the second and third rows of each plot, to represent half of the row width, 38.1 cm, with

placement resulting in less than 2.2% overlap between chambers. The collars were installed after
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planting/fertilization and remained in place throughout the duration of the growing season. Since
the collars were identical in size and installed under the same conditions, N2O fluxes from each
collar were averaged to estimate a representative flux across the row. N2O flux measurements
were collected weekly at all site locations during the growing season. Measurements were
generally taken between 6:00 and 14:00 (CST). On each sampling date, the portable smart
chamber head was placed over the soil collar. N2O flux measurements were then collected with a
120 second observation time, a 25 second deadband, and a 45 second post purge (LI-COR
Biosciences, 2021). Realtime data viewing in the field was used to monitor analyzer
performance. Data were collected and stored in the Portable Smart Chamber, including N2O flux,

diagnostic code values, total chamber volume, date, and time.

Data were downloaded and initially processed using Soil Flux Pro software (Version
5.3.1, LI-COR). This software was also used to input collar height information to adjust the total
volume, calculate the flux (nmol N2O m2s™), and evaluate each individual flux measurement to
verify proper chamber and analyzer operation, omitting data collected when a diagnostic code
was issued from the analyzer. Flux measurements that displayed irregular patterns or signs of
analyzer malfunction, such as skips where N2O concentration was not collected, major N2O
concentration jumps, or major N2O concentration drops, indicating an issue with the chamber
seal or analyzer pressure as identified in Soil Flux Pro software, were reviewed and excluded
from the dataset to ensure data quality. Additionally, plots missing measurements from either the

on-band or inter-row chamber were excluded from flux calculations.
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Appropriate unit conversion and the molar mass of the nitrogen molecule (28.0134 g mol
1y were used to adjust the flux to a nitrogen mass per area-time basis (g N2O-N ha* day™)
(Equation 4.1). Daily N2O flux for each treatment was calculated by averaging two chambers per
row within each plot, and negative, near-zero flux values were set to 0. Data representing plots
missing one or both chamber measurements at a given sampling time were omitted and replaced
with an average of the other evaluated reps. Cumulative N2O emissions were estimated using
daily flux values and the trapezoidal integration method, following the approach of Venterea et
al. (2011), which assumes linear flux changes between measurement dates (Equation 4.2).
Nitrogen-induced emissions were calculated to estimate N2O emissions from nitrogen fertilizer
application by subtracting background emissions measured from unfertilized control plots
(Equation 4.3). The emissions factor (EF) was calculated as a percentage of nitrogen fertilizer
applied that was lost as N>O during the entire growing season (Equation 4.4).

Daily Flux (g N>O-N ha'l) =

nmol N>O mol N,O 3600 s 24 h 28.0134 gof N 10,000 m?
m? - s (1-10%)nmol N,O h d mol N,O ha

Equation 4.1 Daily flux calculation where m is meters, s is seconds, h is hours, d is days, g is
grams, and ha is hectare.

Cumulative flux (kg N>O-N ha'!) = Z

=

n Xf _‘_Xl:i+1}
1[ 5 ]'(Tu—u ~T;)

Equation 4.2 Cumulative flux calculation, where X is daily flux at initial time, X is daily
flux at final time, T: is time of initial flux, and Ty is time of final flux.

Nitrogen induced emissions = Cumulative flux of treatment - Cumulative flux of control
(g N,O-N ha'!) (g N,O-N ha'!) (g N,O-N ha'!)

Equation 4.3 Nitrogen-induced emissions (NIE) calculation.
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Nitrogen induced emissions (g N;O — N ha ')

Emissions factor (%) =
Nitrogen fertilizer applied (9 N ha™!)

Equation 4.4 Emissions factor (EF) calculation.

Statistical Analysis

Prior to statistical analysis, data were divided into two subsets, rate treatments and
placement treatments. Each data set was analyzed as a randomized complete block design with
four replications. Statistical analysis was conducted using SAS Version 9.4. (SAS Institute Inc.)
PROC MIXED procedures were used to assess relationships between nitrogen application rates
or nitrogen application methods and cumulative N2O emissions. Plots were located at a new
location each year, so site year could be considered random, but sites were selected intentionally
based on climate conditions, so site year is evaluated as a fixed effect. Replication was included

as a random effect. An alpha level of 0.05 was used for all statistical analyses.

Results

Precipitation

During the 2024 growing season, the easternmost site, MRD24 (June-October), received
231.8 mm of precipitation, 258.8 mm less than the 30-year normal precipitation for the county
(Table 4.2). This precipitation was concentrated during the beginning of the season (Table 4.3).

During the 2025 growing season, the easternmost site, RND25 (June-October), received 422.7
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mm of precipitation, 82.3 mm more than the 30-year normal precipitation for the county (Table

4.2). This precipitation was well distributed throughout the growing season (Table 4.3).

In the 2024 growing season, GYD24 (June-October), received 451.6 mm of precipitation,
131.2 mm more than the 30-year normal precipitation for the county (Table 4.2). This
precipitation was concentrated during the beginning of the growing season (Table 4.3). During
the 2025 growing season, GYD25 (June-September), received 258.1 mm of precipitation, 17.2
mm less than the 30-year normal precipitation for the county (Table 4.2). This precipitation was

concentrated at the end of the growing season (Table 4.3).

The westernmost site in 2024, THD24 (June-October), received 265.8 mm of
precipitation, 52.7 mm less than the 30-year normal precipitation for the county (Table 4.2). This
precipitation was concentrated towards the beginning and end of the growing season (Table 4.3).
The westernmost site in 2025, THD25 (June-September), received 249.9 mm of precipitation,
30.3 mm less than the 30-year normal precipitation for the county (Table 4.2). This precipitation

was concentrated towards the middle of the growing season (Table 4.3).

Rate Treatments

Since the dataset containing the 201.8 kg ha™ rate of nitrogen application was
incomplete, it was dropped from the dataset for initial evaluation. Following this omission,
nitrogen fertilizer rate and site year had a significant interaction (p < 0.0001). Therefore, analysis

by site year was conducted, including the 201.8 kg ha™* nitrogen application rate, where
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available. Nitrogen fertilizer rate had effects on cumulative N2O emissions at all evaluated site
years (Table 4.4). Cumulative N.O emissions generally increase with an increasing nitrogen
application rate at all sites (Figures 4.3 - 4.8). Additionally, large fluxes of N2O emissions from
treatments receiving recommended fertilizer rates at the given site years were temporally related
to large rainfall events following planting (Figure 4.2). In four of six site years, 67.3 kg ha'* and
33.6 kg ha* application rates were not statistically different from the zero-nitrogen control
(Table 4.4). Nitrogen application rates at and above 168.1 kg ha™ were always statistically

different from the zero-nitrogen control (Table 4.4).

Overall, 2024 had higher EF values, compared to values from similar treatments in 2025
(Table 4.5). In 2024, 13 of 17 evaluated rate treatments across all sites had EF values greater
than 0.5%. In 2025, 1 of 18 evaluated rate treatments across all sites had EF values greater than
0.5%. When analyzing rate treatments, none of the evaluated sites had EF values that clearly

increased with increasing nitrogen rate (Table 4.5).

Early Placement Treatments

Since the dataset containing the streamed UAN with urease inhibitor - NBPT fertilizer
placement was incomplete, it was dropped from the dataset for initial evaluation. Following this
omission, nitrogen fertilizer placement and site year had a significant interaction (p < 0.0001).
Therefore, analysis by site year was conducted, including the streamed UAN with urease
inhibitor - NBPT fertilizer placement, where available. In placement treatments applied one

month prior to planting, nitrogen fertilizer placement influenced cumulative N2O emissions in
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two of three evaluated site years (Table 4.6) (Figures 4.9 - 4.11). In 2024, at MRD, following
two weeks after application, there were no differences in cumulative flux between any of the
applied treatments (Figure 4.9). At GYD in 2025, all treatments that received nitrogen additions
did not have different fluxes from one another (Table 4.6). THD in 2025 showed no differences

between treatments receiving nitrogen (Table 4.6).

When evaluating EF values from placement treatments applied one month prior to
planting, coulter placement of UAN did not result in lower EF values at any site (Table 4.7). At
MRD in 2024, broadcast urea with urease inhibitor - NBPT (0.68%) did result in lower EF
values compared to the streamed UAN alternative (0.89%). All EF values from MRD were
greater than 0.5%. At GYD in 2025, broadcast urea with urease inhibitor - NBPT (1.05%) and
coultered UAN (0.97%) had the highest EF values. All calculated EF values at GYD were
greater than 0.5%. At THD in 2025, streamed UAN with urease inhibitor - NBPT (0.82%) and
coultered UAN (0.87%) had the highest EF values, both greater than 0.5%, but less than 1%.
Broadcast urea with urease inhibitor - NBPT (0.40%) and streamed UAN (0.34%) at THD both

had EF values less than 0.5%.

At Planting Placement Treatments

Since the dataset containing the streamed UAN with urease inhibitor - NBPT, coultered
UAN, and broadcast urea with urease inhibitor - NBPT fertilizer placements were incomplete, it
was dropped from the dataset for initial evaluation. Following this omission, nitrogen fertilizer

placement and site year had a significant interaction (p < 0.0001). Therefore, analysis by site
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year was conducted, including the streamed UAN with urease inhibitor - NBPT fertilizer
placement, where available. Nitrogen fertilizer placement had an effect on cumulative N2O
emissions at four of the six evaluated site years (Table 4.8). Individually, placement treatments
resulted in highly variable cumulative fluxes that were different across sites (Figures 4.12 -
4.17). In 2024, at MRD and in 2025 at THD, there was no difference between any of the
evaluated nitrogen fertilizer placement treatments, including the no nitrogen control (Table 4.8).
At THD in 2024, contrasting to the results at MRD24 and THD25, the broadcast urea with urease
inhibitor - NBPT resulted in the highest overall cumulative emissions (758 g N2O-N ha?), higher
than the coultered (354 g N.O-N ha') and zero-nitrogen control treatments (388 g N2O-N ha™)
(p = 0.269; Table 4.8). The cumulative flux from the streamed UAN placement (685 g N2O-N
ha) was not different from the broadcast urea with urease inhibitor - NBPT. The cumulative
fluxes from the coulter and zero-nitrogen control were not different from one another. At GYD
in 2024, all treatments receiving nitrogen applications had higher cumulative flux values (1166 -
1569 g N2O-N ha?!) than the zero-nitrogen control (390 g N2O-N ha) (p = 0.0001; Table 4.8).
The coultered treatment had higher cumulative emissions than all other treatments (1569 g N.O-
N hat) (Table 4.8). The cumulative flux from the broadcast urea with urease inhibitor - NBPT
and streamed UAN treatments were not different from each other. In 2025, cumulative flux at
RND had no differences between placements, but all treatments receiving nitrogen (353 - 447 ¢
N20O-N ha!) were higher than the zero-nitrogen control (125 g N2O-N ha) (p = 0.0015; Table
4.8). At GYD in 2025, coultered and streamed UAN treatments did not have different cumulative
fluxes from the zero-nitrogen control (288 g N2O-N ha), while the streamed UAN with urease
inhibitor - NBPT placement showed higher emissions compared to all other treatments (1145 g

N2O-N ha?) (p = 0.0151; Table 4.8).
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For placement treatments applied at planting, EF values were highly variable. At GYD in
2024, coultered UAN had the highest EF value (1.75%) (Table 4.9), with all the calculated
values greater than 1%. At THD in 2024, the broadcast urea with urease inhibitor - NBPT had
the highest EF (0.55%). Two of three evaluated treatments at THD24 had EF values under 0.5%,
but all values were less than 1%. At MRD in 2024, streamed UAN had the highest EF value
(1.81%), which was greater than 1%. In 2025 at GYD, streamed UAN with urease inhibitor -
NBPT had the highest EF value (1.27%), which was greater than 1%, but all other treatments
were less than 0.5%. At THD in 2025, streamed UAN had the highest EF (0.15%), which was
still less than 0.5%. At RND in 2025, streamed UAN had the highest EF (0.48%), which was still

lower than 0.5%.

Discussion

Rate Treatments

Nitrogen fertilizer application rate has been well documented as a major contributor to
cumulative N2O emissions in grain sorghum by Preza-Fontes et al. (2020), Schwenke and Haigh
(2016), and Zebarth et al. (2008). Our work supports this hypothesis that cumulative N2O
emissions are responsive to nitrogen fertilizer rate, since nitrogen application rate had a
relationship with cumulative N2O flux at all evaluated site locations (p < 0.05). As expected,
treatments with higher nitrogen fertilizer rates resulted in higher cumulative N>O emissions.
Higher nitrogen fertilizer rates likely resulted in higher available NO3™ in the soil, as described by

Mosier et al. (1998). Higher rates of NOz™ in the soil likely denitrified following rainfall events
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after planting (Schwenke and Haigh, 2016). Since large increases in cumulative flux at
recommended fertilizer rates correspond well with precipitation events early in the growing
season across all site years (Figure 4.2), this denitrification process, and therefore N2O
emissions, were likely more prevalent early in the growing season since the young crop had not

yet reached peak nitrogen uptake, as supported by work from Barton et al. (2007).

Early Placement Treatments

In nitrogen fertilizer treatments applied one month prior to planting, placement was
related to cumulative N2O flux. Of placements evaluated, we expected the coulter treatment and
the fertilizer treated with urease inhibitors to result in lower emissions than surface applied
UAN. This hypothesis was supported by a study conducted in a similar semi-arid environment
by Halvorson and Del Grosso (2013), where N2O emissions were decreased with the use of
urease inhibitors in urea. However, work done in a humid continental climate (Képpen Climate
Classification: Dfb), based on the data of Kotteck et al. (2006), by Wood et al. (2023) showed
that urease inhibitors used with urea did not impact N2O emissions. Deeper placement of
nitrogen fertilizer within the soil consistently resulted in lower N>O emissions in sorghum
systems (Fertitta-Roberts et al., 2017; Van Kessel et al., 2012). Shallow and surface placement
result in higher N2O emissions across multiple studies (Fertitta-Roberts et al., 2017; Halvorson
and Del Grosso, 2013; Rychel et al., 2020). Contrastingly, our results show that there were no
differences between any of the applied fertilizer placements when applied one month prior to
planting, apart from the zero-nitrogen control. Our observed results could be caused by

consistent low precipitation in the later portion of the season at MRD24 (Table 4.3) and the
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semi-arid environments assessed in GYD25 and THD25 (Table 4.2). If there was not sufficient
rainfall to promote the denitrification process prior to crop planting and uptake, it may mean that
the crop was able to successfully uptake nitrogen before it was lost through pathways driven by

moisture, like leaching and denitrification.

At Planting Placement Treatments

In nitrogen fertilizer treatments applied at planting, placement had an association with
cumulative flux in four of six site years evaluated. One site that did not have a response to
nitrogen fertilizer placement (THD25) was also the site that had the lowest cumulative N.O
emissions overall, which could be the result of the lower than average in-season precipitation
(Table 4.2). Malhi and Lemke (2007) found that the magnitude of cumulative N2O emissions
largely reflected precipitation levels, which could reflect the cause of these lower fluxes. In the
easternmost site in 2025, RND, there were no differences between any of the plots that received
nitrogen fertilizers. At both GYD25 and THD24, treatments with a urease inhibitor resulted in
high N2O emissions, with streamed UAN with urease inhibitor - NBPT higher than other
treatments at GYD25 (p 0.0151) and broadcast urea with urease inhibitor - NBPT higher than

other treatments at THD24 (p = 0.0269).

Urea hydrolysis is the process that converts urea (CO(NH>)2) to NH4", a form of nitrogen
available for plant uptake (Perin et al., 2020). When urea hydrolysis is incomplete, NH3 can be
lost to the atmosphere, resulting in less nitrogen being available for the plant. Urease is the

enzyme that drives the conversion of urea to NH4". A urease inhibitor results in less nitrogen loss
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to the atmosphere as NHs, since the process of conversion from urea to NH4" is delayed, and
more nitrogen in the form of urea is able to move into the soil. This urea-nitrogen can then be
moved into the soil by rainfall as urea, where it is then converted to NH4* (Perin et al., 2020).
Increased NH4" in the soil could lead to increased nitrification and denitrification, resulting in
more N2O emissions. This, with literature from Wood et al. (2023) and Zhengping et al. (1991),
that also have observed increases in N2.O emissions in treatments using urease inhibitors,
supports the observed increase in N2O emissions from treatments with the urease inhibitor at

GYD25 and THD24.

At GYD24, the coultered treatment was higher than all other treatments (p = 0.0001).
This is similar to results found by Bastos et al. (2021) and Drury et al. (2006) that reflect
elevated cumulative N2O emissions from subsurface placed nitrogen fertilizer. However, these
findings contradict the findings of Fertitta-Roberts et al. (2017), and Van Kessel et al. (2012),
that reflect decreased cumulative N2O emissions from subsurface nitrogen placement. A couple
possible explanations for these different findings may relate to poor closure of the channel
following fertilizer placement and/or, subsurface placement may disrupt the soil structure,
potentially causing preferential cracks to form along the injection band as the soil dries, creating
the potential for loss from this application area. This could also promote water infiltration into

the fertilizer band, which would result in increased N>O emissions.

Emission Factors (EF)
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Overall, increasing nitrogen rate did not result in increased N2O emission factors, in
agreement with previous work done in this area by Gehl et al. (2020). However, this lack of
response to nitrogen rate contrasts with results from Schwenke and Haigh (2016), which did
show a response of EF values to nitrogen application rate. In addition to rate response,
subsurface placement in a coulter or addition of a urease inhibitor did not clearly reflect a
reduction in emissions factors in evaluated environments. Emission factors ranged from —0.14 to
2.25 percent in 2024 and —0.02 to 1.27 percent in 2025. This year-to-year variability emphasizes

the influence of annual and seasonal precipitation effects on EF values.

Considering the evaluated environments, a recommended nitrogen application rate for a
yield goal of 6275.86 kg ha™, Kansas State University (2026) recommends applying 145.7-156.9
kg N ha, with higher application recommended at sites with higher rainfall potential. At these
recommended rates, the average EF value for site years in 2024 is 1.06 percent and for site years
in 2025 is 0.27 percent for 2025. The EF values calculated here (Tables 4.5, 4.7, 4.9),
specifically those from the more characteristic rainfall year, 2025 (Table 4.2), are largely in-line
with IPCC’s disaggregated EF value for arid and semiarid environments of 0.5 percent (IPCC,

2019).

Conclusion

Analysis of cumulative N2O emissions data show an interaction between nitrogen
application rates and site year at all evaluated sites. Increasing nitrogen fertilizer application rates

resulted in higher cumulative N2O emissions (p < 0.05). Overall, nitrogen fertilizer applied one

109



month prior to planting did not show any differences between nitrogen fertilizer application
methods. Sorghum grown in dryer environments generally did result in lower cumulative N2O
emissions compared to sorghum grown in wetter environments with similar nitrogen treatments.
As shown in figures (4.3-4.17), N2O emissions from grain sorghum did not always peak within
the first two weeks following nitrogen application, but a peak was observed within the first
month following nitrogen application, typically following a rainfall event. Overall, increasing
nitrogen rate did not result in increased N>O emission factors and subsurface placement with a
coulter or addition of a urease inhibitor did not clearly reflect a reduction in emissions factors in
evaluated environments. The EF values calculated, specifically those from the more
characteristic rainfall year, 2025, are largely in-line with [IPCC’s disaggregated EF value for arid

and semiarid environments of 0.5 percent (IPCC, 2019).
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Tables

Table 4.1 Summary of field operations for all evaluated site years*.

Site Year*
Operation GYD24 THD24 MRD24 GYD25 THD25 RND25
Early April 30, April 22, 2024 May 10, 2024 May 15, 2025 May 14, 2025 .
Fertilizer 2024
Application
Planting June 7, 2024 June 29, June 25, 2024 June 19, 2025 June 18, 2025 June 23, 2025
2024**
Hybrid 58M58DT 30A30DT** 58M58DT 30A30DT 30A30DT 59C30 DT2
Population 123,500 165,490** 123,500 123,500 123,500 123,500
(seeds hat)
Grain Harvest October 18, November 3, November 11, November 12- November 19, November 3,
2024 2024 2024 14, 2025 2025 2025

* (GYD24, Gray County, KS in 2024; THD24, Thomas County, KS in 2024; MRD24, Morris
County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County, KS in 2025;
RND25, Reno County, KS in 2025)

**THD24 required a replant due to environmental conditions. First planting occurred June

6, 2024, with hybrid 58M58DT at 123,500 seeds ha*. Replant information is shown in the table.
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Table 4.2 Measured precipitation during grain sorghum growing season for all site-years*.

Site Year* Measured Season 30-Year Normal Season Departure from Normal
Precipitation Precipitation
___________________________________________ mm o

GYD24 451.6 320.8 131.2

THD24 265.8 318.5 -52.7

MRD24 231.8 490.7 -258.8

GYD25 262.3 275.3 -12.9

THD25 249.9 280.2 -30.3

RND25 422.7 340.4 82.3

* (GYD24, Gray County, KS in 2024; THD24, Thomas County, KS in 2024; MRD24, Morris
County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County, KS in 2025;
RND25, Reno County, KS in 2025)
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Table 4.3 Measured precipitation during grain sorghum growing season for all site-years*,
evaluated in 15-day increments.

Days Since Planting

Site 15 30 45 60 75 90 105 120 135 150 165
Year*

___________________________________________ mm o B
GYD24 1176 1128 815 353 373 9.4 45 127 00 . .
THD24 170 529 608 143 128 189 9.0 6.7 1.2 7.2 650
MRD24 63.1 6.2 67.3 325 243 245 8.2 5.7
GYD25 224 333 91 305 358 455 85.9
THD25 259 13.0 790 284 96.3 48 25 .
RND25 178 152 559 330 86.4 432 584 305

* (GYD24, Gray County, KS in 2024; THD24, Thomas County, KS in 2024; MRD24, Morris
County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County, KS in
2025; RND25, Reno County, KS in 2025)
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Table 4.4 Comparisons of estimates of cumulative N2O flux for nitrogen fertilizer rates at
all evaluated site-years*. Letters within the same column indicate statistical significance at

p <0.05.

Site Year*
Nitrogen Fertilizer GYD24 THD24 MRD24  GYD25 THD25 RND25
Application Rate
kgNhat e - g NoO-N hat ==--mmmmmmmm oo
0 390E 388 C 788 C 288 C 143 D 125D
34 2753 B 412 C 684 C 280 C 154D 258 CD
67 1166 DE 685 BC 2004 BC 417BC 247 CD 447 AB
101 1694CD 523C 3064 AB 309C 404 BC 297 BCD
135 918 DE 1981 A 2621 AB 649 ABC 551 AB 303 BC
168 3884 A 1504 AB 3520 A 847AB 500 B 547 A
202 2555BC . 3111 AB 913 A 745 A 488 A
p-value <0.0001  0.0055 0.0014 0.0443 0.0001 0.0011
LSD 1007.2 872.4 1387.8 487.0 218.0 176.5

* (GYD24, Gray County, KS in 2024; THD24, Thomas County, KS in 2024; MRD24, Morris
County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County, KS in 2025;
RND25, Reno County, KS in 2025)
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Table 4.5 Emission Factor (EF) for nitrogen fertilizer applied at variable rates at planting
for all site-years.

Site Year*

Nitrogen Fertilizer GYD24 THD24 MRD24 GYD25 THD25 RND25
Application Rate

kghat e Q0 —----m s
34 7.03 0.07 -0.31 -0.02 0.03 0.40
67 1.14 0.44 1.81 0.19 0.15 0.48
101 1.29 -0.14 2.25 0.02 0.26 0.17
135 0.39 1.18 1.36 0.27 0.30 0.13
168 2.08 0.66 1.62 0.53 0.21 0.25
202 1.07 1.15 0.31 0.30 0.18

County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County, KS in
2025; RND25, Reno County, KS in 2025)
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Table 4.6 Comparisons of estimates of cumulative N2O flux for nitrogen fertilizer
placement methods applied one month prior to planting at all evaluated site-years*. Letters
within the same column indicate statistical significance at p < 0.05.

Site Years*
Nitrogen Fertilizer Placement MRD?24 GYD25 THD25
-------------------------- g NoO-N hat -------mmmmmmmmm e
Control 788 B 288 B 143
Broadcast Urea with Urease
Inhibitor - NBPT 215 A 1287 A 475
Streamed UAN 2300 A 946 A 434
Streamed UAN with Urease
Inhibitor - NBPT MTA 344
Coultered UAN 2352 A 1229 A 788
p-value 0.0103 0.0150 0.1982
LSD 908.4 557.1 542.3

*(MRD24, Morris County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas
County, KS in 2025)
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Table 4.7 Emission Factor (EF) for nitrogen fertilizer applied with variable placement one
month prior to planting for all site-years*.

Site Year*

Nitrogen Fertilizer Placement MRD?24 GYD25 THD25
_____________________________ % ———— e

Broadcast Urea with Urease 0.68 1.05 0.40

Inhibitor - NBPT

Streamed UAN 0.89 0.55 0.34

Streamed UAN with Urease . 0.51 0.82

Inhibitor - NBPT

Coultered UAN 1.03 0.97 0.87

* (GYD24, Gray County, KS in 2024; THD24, Thomas County, KS in 2024; MRD24,
Morris County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County,
KS in 2025; RND25, Reno County, KS in 2025)
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Table 4.8 Comparisons of estimates of cumulative N2O flux for nitrogen fertilizer
placement methods at all evaluated site-years*. Letters within the same column indicate
statistical significance at p < 0.05.

Site Years*
Nitrogen Fertilizer GYD24 THD24 MRD24 GYD25 THD25 RND25
Placement
Control 390 C 388 B 788 288 B 143 125 B
Broadcast Ureawith 1,0, 5 7560 g71 . . 360 A

Urease Inhibitor - NBPT
Streamed UAN 1166 B 685 A 2004 417 B 247 447 A
Streamed UAN with

Urease Inhibitor - NBPT ° 1144 A

Coultered UAN 1569 A 354 B . 566 B 186 353 A
p-value 0.0001 0.0269 0.0615 0.0151 0.3466 0.0015
LSD 318.3 2955 1096.1 490.6 160.6 124.7

* (GYD24, Gray County, KS in 2024; THD24, Thomas County, KS in 2024; MRD24, Morris
County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County, KS in 2025;
RND25, Reno County, KS in 2025)
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Table 4.9 Emission Factor (EF) for nitrogen fertilizer applied with variable placement at
planting for all site-years*.

Site Year*
Nitrogen Fertilizer GYD24 THD24 MRD24 GYD25 THD25 RND25
Placement

__________________________________ 0/0 e —————————————
Broadcast Urea with 1.20 0.55 0.12 . . 0.35
Urease Inhibitor - NBPT
Streamed UAN 1.14 0.44 1.81 0.19 0.15 0.48
Streamed UAN with . . . 1.27
Urease Inhibitor - NBPT
Coultered UAN 1.75 -0.05 . 0.41 0.06 0.34

*(GYD24, Gray County, KS in 2024; THD24, Thomas County, KS in 2024; MRD24, Morris
County, KS in 2024; GYD25, Gray County, KS in 2025; THD25, Thomas County, KS in
2025; RND25, Reno County, KS in 2025)
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Figures
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Figure 4.1 Thomas County, KS (THD), Gray County, KS (GYD), Reno County, KS (RND)
and Morris County, KS (MRD) field site locations across Kansas represent three distinct
precipitation environments (adapted from the Office of the Kansas State Climatologist,

2020).
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Figure 4.2 Mean total cumulative nitrous oxide (N.O) emissions during grain sorghum
growing season as effected by optimum nitrogen fertilizer application rate and
precipitation at six site locations including Morris County in 2024 (MRD24) (A), Thomas
County in 2024 (THD24) (B), Gray County in 2024 (GYD24) (C), Reno County in 2025
(RND25) (D), Thomas County in 2025 (THD25) (E), and Gray County in 2025 (GYD25)
(F). (DOY, Day of Year)
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Figure 4.3 Mean cumulative nitrous oxide (N.O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application rate at Gray County in 2024
(GYD24). (DOY, Day of Year)
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Figure 4.4 Mean cumulative nitrous oxide (N.O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application rate at Thomas County in 2024
(THD24). (DOY, Day of Year)
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Figure 4.5 Mean cumulative nitrous oxide (N.O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application rate at Morris County in 2024
(MRD24). (DOY, Day of Year)

130



1000

800

600

400

200

174 178 183 189 197 204 211 220 226 235 255 269
DOY

Cumulative Flux (g of N2O-N ha-1)

e () kg N ha-1 e=ffl==33.6 kg N ha-1 ==$==G73 kg N ha-1

emgym= 100.9 kg N ha-] espéem 1345 kg N ha-] «=ie==]68.1 kg N ha-1

e=@==201.8 kg N ha-1

Figure 4.6 Mean cumulative nitrous oxide (N.O) emissions during grain sorghum growing

season as effected by nitrogen fertilizer application rate at Gray County
in 2025 (GYD25). (DOY, Day of Year)
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Figure 4.7 Mean cumulative nitrous oxide (N.O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application rate at Thomas County in 2025
(THD25). (DOY, Day of Year)
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Figure 4.8 Mean cumulative nitrous oxide (N.O) emissions during grain sorghum growing

season as effected by nitrogen fertilizer application rate at Reno County in 2025 (RND25).
(DOY, Day of Year)
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Figure 4.9 Mean cumulative nitrous oxide (N.O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied one month prior to
planting at Morris County in 2024 (MRD24). (DOY, Day of Year)
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Figure 4.10 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied one month prior to
planting at Gray County in 2025 (GYD25). (DOY, Day of Year)
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Figure 4.11 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied one month prior to
planting at Thomas County in 2025 (THD25). (DOY, Day of Year)
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Figure 4.12 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied at planting
at Gray County in 2024 (GYD24). (DOY, Day of Year)
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Figure 4.13 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied at planting
at Thomas County in 2024 (THD24). (DOY, Day of Year)
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Figure 4.14 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied at
planting at Morris County in 2024 (MRD24). (DOY, Day of Year)

139



1400

1200

1000 ._ _‘ . 4.___?*_‘
300
600
400
200

174 178 183 189 197 204 211 220 226 235 255 269
DOY

=N 0 Nitrogen Control

=== Streamed UAN (67.3 kg N ha-1)

emgu= Streamed Treated UAN (67.3 kg N ha-1)
e=gy= Coultered UAN (67.3 kg N ha-1)

Cumulative Flux (g of N2O-N ha-1)

Figure 4.15 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied at planting
at Gray County in 2025 (GYD25). (DOY, Day of Year)
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Figure 4.16 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied at planting
at Thomas County in 2025 (THD25). (DOY, Day of Year)
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Figure 4.17 Mean cumulative nitrous oxide (N-O) emissions during grain sorghum growing
season as effected by nitrogen fertilizer application placement applied at
planting at Reno County in 2025 (RND25). (DOY, Day of Year)
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Appendix A - SAS Codes

Comparison of Sampling Duration — Regression Analysis

Data FFAR;

length SiteTimeKey $ 16;

Input LOC $ SiteTimeKey $ Plot $ Flux1l80Raw Flux180 Fluxl20Raw Flux120
FluxDiff Flux90Raw Flux90;

Cards;

run;

Proc Sort data=FFAR; by SiteTimeKey Plot;

run;

* Run the 90 vs. 120';

*By SiteTimeKey;

Title '90 vs. 120 by SiteTimeKey';

Proc Reg data=FFAR; by SiteTimeKey;

Model Flux90=Fluxl120;

IsSlopel: test Flux1l20=1;

ods output ParameterEstimates=Reg90v120bySiteTime;
ods output TestANOVA=SlopelTest90v120bySiteTime;
run;

*All Datay;

Title '90 vs. 120 AllData';

Proc Reg data=FFAR;

Model Flux90=Fluxl120;

IsSlopel: test Fluxl120=1;

ods output ParameterEstimates=RegS80v120 ALL;

ods output TestANOVA=SlopelTest90v120 ALL;

run;

*All Data by LOC;

Title '90 vs. 120 AllDataByLOC';

Proc Reg data=FFAR; by LOC;

Model Flux90=Flux120;

IsSlopel: test Flux120=1;

ods output ParameterEstimates=Reg90v120 ALL BYLOC;
ods output TestANOVA=SlopelTest90v120 ALL BYLOC;
run;

* Run the 90 vs. 180';

*By SiteTimeKey;

Title '90 vs. 180 by SiteTimeKey';

Proc Reg data=FFAR; by SiteTimeKey;

Model Flux90=Flux180;

IsSlopel: test Flux180=1;

ods output ParameterEstimates=Reg90v180bySiteTime;
ods output TestANOVA=SlopelTest90v180bySiteTime;
run;

*All Data;

Title '90 vs. 180 AllData';

Proc Reg data=FFAR;

Model Flux90=Flux180;

IsSlopel: test Flux180=1;

ods output ParameterEstimates=Reg90v180 ALL;

ods output TestANOVA=SlopelTestS90v180 ALL;

run;
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*All Data by LOC;

Title '90 vs. 180 AllDataByLOC';

Proc Reg data=FFAR; by LOC;

Model Flux90=Fluxl180;

IsSlopel: test Flux180=1;

ods output ParameterEstimates=Reg90v180 ALL BYLOC;
ods output TestANOVA=SlopelTest90v180 ALL BYLOC;
run;

* Run the 120 vs. 180';

*By SiteTimeKey;

Title '120 vs. 180 by SiteTimeKey';

Proc Reg data=FFAR; by SiteTimeKey;

Model Fluxl1l20=F1luxl180;

IsSlopel: test Flux1l80=1;

ods output ParameterEstimates=Regl20v180bySiteTime;
ods output TestANOVA=SlopelTestl1l20v180bySiteTime;
run;

*All Data;

Title '120 vs. 180 AllData';

Proc Reg data=FFAR;

Model Fluxl1l20=Fluxl180;

IsSlopel: test Flux180=1;

ods output ParameterEstimates=Regl20v180 ALL;

ods output TestANOVA=SlopelTestl20v180 ALL;

run;

*All Data by LOC;

Title '120 vs. 180 AllDataByLOC';

Proc Reg data=FFAR; by LOC;

Model Flux120=F1luxl1l80;

IsSlopel: test Flux180=1;

ods output ParameterEstimates=Regl20v180 ALL BYLOC;
ods output TestANOVA=SlopelTestl20v180 ALL BYLOC;
run;

Chamber Placement Analysis

Data Chamber;
Input Site $ DOY SiteTime $ Rep TRT Rate Plot Flux FluxType QAQC;

*For QAQC Code:

*QAQC 0 denotes both chambers bad;
*QAQC 1 denotes good;

*QAQC 2 denotes A chamber good;
*QAQC 3 denotes B chamber good;

If QAQC=0 then delete;
If QAQC=2 then delete;
If QAQC=3 then delete;

For flux types:

= Chamber A

= Chamber B
Average of A & B;

w N = ot
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cards;

run;

proc print data=chamber;

run;

ods listing;

data ChamberRate;

set chamber;

where FluxType in (1,2)and TRT in (1,16,20,21,22,23,24);
run;

data ChamberApp;

set chamber;

where FluxType in (1,2)and TRT in (1,3,4,6,15,16,18);

run;
Proc Sort data=ChamberRate; by SiteTime Plot;
run;
Proc Sort data=ChamberApp; by SiteTime Plot;
run;

*This will evaluate are there differences between flux types when analyized
across all data;

Proc Mixed data=ChamberRate;

Class SiteTime Rep TRT FluxType;

Model Flux=FluxType /residual OUTP=RateFlux pred out;

Random SiteTime Rep (SiteTime) ;

LSMEANS FluxType /pdiff alpha=0.05;

ods output diffs=RateFluxppp lsmeans=RateFluxmmm tests3=RateFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (RateFluxppp, RateFluxmmm, alpha=0.05, sort=yes,mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;

run;

*This will evaluate if there is a flux type x rate interaction when analyized
across all data;

Proc Mixed data=ChamberRate;

Class SiteTime Rep TRT FluxType Rate;

Model Flux=FluxType|Rate /residual OUTP=Rate2Flux pred out;

Random SiteTime Rep (SiteTime) ;

LSMEANS FluxType|Rate /pdiff alpha=0.05;

ods output diffs=Rate2Fluxppp lsmeans=Rate2Fluxmmm tests3=Rate2FluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;

spdmix800 (Rate2Fluxppp, Rate2Fluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;

Run;

*This will evaluate if there is a flux type x time x rate interaction when
analyized for each site-year;

Proc Mixed data=ChamberRate; by site;

Class Site DOY Rep TRT FluxType Rate;

Model Flux=FluxType|Rate|DOY /residual OUTP=Rate3Flux pred out;

Random Rep;

LSMEANS FluxType|Rate /pdiff alpha=0.05;

ods output diffs=Rate3Fluxppp lsmeans=Rate3Fluxmmm tests3=Rate3FluxType3;

’
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ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
$pdmix800 (Rate3Fluxppp, Rate3Fluxmmm, alpha=0.05, sort=yes,mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

*This will evaluate if there is a flux type x rate interaction for each
SiteTime;

Proc Mixed data=ChamberRate; by SiteTime;

Class SiteTime Rep TRT FluxType Rate;

Model Flux=FluxType|Rate /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS FluxType|Rate /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Application Analysis

Proc Mixed data=ChamberApp;

Class SiteTime Rep FluxType;

Model Flux=FluxType /residual OUTP=AppFlux pred out;

Random SiteTime Rep (SiteTime) ;

LSMEANS FluxType /pdiff alpha=0.05;

ods output diffs=AppFluxppp lsmeans=AppFluxmmm tests3=AppFluxType3;
ods listing exclude diffs lsmeans;

run;

$include 'c:\sas\pdmix800.sas';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (AppFluxppp, AppFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

proc sort data=chamberApp;

by Site;

run;

Proc Mixed data=ChamberApp;By Site;

Class SiteTime Rep TRT FluxType;

Model Flux=FluxType|TRT /residual OUTP=App2Flux pred out;

Random SiteTime Rep (SiteTime) ;

LSMEANS FluxType|TRT /pdiff alpha=0.05;

ods output diffs=RApp2Fluxppp lsmeans=App2Fluxmmm tests3=App2FluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
spdmix800 (App2Fluxppp, App2Fluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

Proc Mixed data=ChamberApp;

Class SiteTime Rep TRT FluxType;

Model Flux=FluxType|TRT /residual OUTP=App2Flux pred out;

Random SiteTime Rep (SiteTime) ;

LSMEANS FluxType|TRT /pdiff alpha=0.05;

’
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ods output diffs=App2Fluxppp lsmeans=App2Fluxmmm tests3=App2FluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (App2Fluxppp, App2Fluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=ChamberApp; by SiteTime;

Class SiteTime Rep TRT FluxType;

Model Flux=FluxType|TRT /residual OUTP=App3Flux pred out;

Random Rep;

LSMEANS FluxType|TRT /pdiff alpha=0.05;

ods output diffs=App3Fluxppp lsmeans=App3Fluxmmm tests3=App3FluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (App3Fluxppp, App3Fluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Nitrous Oxide Emissions Analysis

2024 GYD Placement

Data Flux;

Input Plot TRT REP DOY166 DOY173 DOY180 DOY193 DOY200
DOY207 DOY215 DOY227 DOY236 DOY243 DOY250
DOY257 DOY285;

If Plot=418 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

Cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DO0OY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all label=" ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;
Class Rep TRT;
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Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2024 GYD Rate

Data Flux;

Input Plot TRT REP DOY166 DOY173 DOY180 DOY193 DOY200
DOY207 DOY215 DOY227 DOY236 DOY243 DOY250
DOY257 DOY285;

If Plot=418 then delete;
If TRT=15 then delete;
If TRT=18 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all 1label="' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;
Random Rep;

LSMEANS TRT /pdiff alpha=0.05;
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ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
Run;

2024 MRD Placement — Early

Data Flux;

Input Plot TRT REP DOY140 DOY145 DOY150 DOY156 DOY158 DOY1l65 DOY185
DOY192 DOY199 DOY205 DOY215 DOY219 DOY228
DOY235 DOY240 DOY247 DOY254 DOY261 DOY269
DOY276 DOY283 DOY290 DOY297;

If TRT=15 then delete;
If TRT=16 then delete;
If TRT=27 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all label="' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;
Class Rep TRT;
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Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2024 MRD Placement — At Planting

Data Flux;

Input Plot TRT REP DOY140 DOY145 DOY150 DOY156 DOY158 DOY1le65 DOY185
DOY192 DOY199 DOY205 DOY215 DOY219 DOY228
DOY235 DOY240 DOY247 DOY254 DOY261 DOY269
DOY276 DOY283 DOY290 DOY297;

If TRT=1 then delete;
If TRT=6 then delete;
If TRT=3 then delete;
If TRT=4 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DO0OY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all label=' ';

quit;

Proc Sort data=TallFlux;
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by DOY;

run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

2024 MRD Rate

Data Flux;

Input Plot TRT REP DOY140 DOY145 DOY150 DOY156 DOY158 DOY165 DOY185
DOY192 DOY199 DOY205 DOY215 DOY219 DOY228
DOY235 DOY240 DOY247 DOY254 DOY261 DOY269
DOY276 DOY283 DOY290 DOY297;

If TRT=1 then delete;
If TRT=3 then delete;
If TRT=4 then delete;
If TRT=6 then delete;
If TRT=15 then delete;
If Plot=304 then delete;

cards;

run;

Proc Sort data=flux; by Plot;
run;

proc transpose data=flux

out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;

run;
proc datasets lib=work nolist;
modify TallFlux;

attrib all label=" ';
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quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2024 THD Placement

Data Flux;

Input Plot TRT REP DOY164 DOY170 DOY177 DOY199 DOY205
DOY214 DOY221 DOY234 DOY240 DOY247 DOY254
DOY261 DOY275;

If plot=107 then delete;
If plot=402 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DO0OY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;
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attrib all 1label="' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

2024 THD Rate

Data Flux;

Input Plot TRT REP DOY1l64 DOY170 DOY177 DOY199 DOY205
DOY214 DOY221 DOY234 DOY240 DOY247 DOY254
DOY261 DOY275;

If plot=107 then delete;
If plot=402 then delete;
If TRT=15 then delete;
If TRT=18 then delete;

cards;

run;

Proc Sort data=flux; by Plot;
run;

proc transpose data=flux

out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;

run;
proc datasets lib=work nolist;
modify TallFlux;

attrib all label=" ';
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quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2025 GYD Placement — Early

Data Flux;

Input Plot TRT REP DOY140 DOY150 DOY160 DOY174 DOY178
DOY183 DOY189 DOY197 DOY204 DOY211 DOY220
DOY226 DOY235 DOY255 DOY269;

If TRT=27 then delete;
If TRT=18 then delete;
If TRT=17 then delete;
If TRT=16 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;
run;
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proc datasets lib=work nolist;

modify TallFlux;

attrib all 1label=' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2025 GYD Placement — At Planting

Data Flux;

Input Plot TRT REP DOY140 DOY150 DOY160 DOY174 DOY178
DOY183 DOY189 DOY197 DOY204 DOY211 DOY220
DOY226 DOY235 DOY255 DOY269;

If TRT=1 then delete;
If TRT=9 then delete;
If TRT=10 then delete;
If TRT=11] then delete;
If TRT=12 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all 1label="' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;
Class Rep TRT;
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Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2025 GYD Rate

Data Flux;

Input Plot TRT REP DOY140 DOY150 DOY160 DOY174 DOY178
DOY183 DOY189 DOY197 DOY204 DOY211 DOY220
DOY226 DOY235 DOY255 DOY269;

If TRT=1 then delete;
If TRT=9 then delete;
If TRT=10 then delete;
If TRT=11] then delete;
If TRT=12 then delete;
If TRT=17 then delete;
If TRT=18 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DO0OY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all label=" ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;
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Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2025 RND Placement

Data Flux;

Input Plot TRT REP DOY177 DOY182 DOY190 DOY197 DOY205
DOY211 DOY217 DOY226 DOY231 DOY246 DOY253
DOY262 DOY269 DOY274 DOY281 DOY288 DOY295;

If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all 1label="' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;
Class Rep TRT;
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Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2025 RND Rate

Data Flux;

Input Plot TRT REP DOY177 DOY182 DOY190 DOY197 DOY205
DOY211 DOY217 DOY226 DOY231 DOY246 DOY253
DOY262 DOY269 DOY274 DOY281 DOY288 DOY295;

If TRT=9 then delete;
If TRT=10 then delete;
If TRT=11l then delete;
If TRT=12 then delete;
If TRT=15 then delete;
If TRT=18 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DOY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all 1label="' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux; by DOY;
Class Rep TRT;
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Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

2025 THD Placement — Early

Data Flux;

Input Plot TRT REP DOY150 DOY161 DOY165 DOY171 DOY177
DOY183 DOY190 DOY203 DOY210 DOY217 DOY225
DOY233 DOY239 DOY247;

If TRT=16 then delete;
If TRT=17 then delete;
If TRT=18 then delete;
If TRT=27 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DO0OY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;

attrib all label=' ';

quit;

Proc Sort data=TallFlux;

by DOY;
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run;
Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

2025 THD Placement — At Planting

Data Flux;

Input Plot TRT REP DOY150 DOY161 DOY165 DOY171 DOY177
DOY183 DOY190 DOY203 DOY210 DOY217 DOY225
DOY233 DOY239 DOY247;

If TRT=9 then delete;

If TRT=1 then delete;

If TRT=10 then delete;
If TRT=11l then delete;
If TRT=12 then delete;
If TRT=20 then delete;
If TRT=21 then delete;
If TRT=22 then delete;
If TRT=23 then delete;
If TRT=24 then delete;

Cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DO0OY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
modify TallFlux;
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attrib all 1label="' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%$include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
spdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;

2025 THD Rate

Data Flux;

Input Plot TRT REP DOY150 DOY1l61l DOY165 DOY171 DOY177
DOY183 DOY190 DOY203 DOY210 DOY217 DOY225
DOY233 DOY247;

If TRT=1 then delete;
If TRT=9 then delete;
If TRT=10 then delete;
If TRT=11] then delete;
If TRT=12 then delete;
If TRT=17 then delete;
If TRT=18 then delete;

cards;
run;
Proc Sort data=flux; by Plot;
run;
proc transpose data=flux
out=TallFlux (where=(Flux ne .) rename=(coll=Flux)) name=DO0OY;
by Plot TRT REP;
run;

proc datasets lib=work nolist;
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modify TallFlux;

attrib all label=' ';

quit;

Proc Sort data=TallFlux;

by DOY;

run;

Proc Mixed data=TallFlux;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes, mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes,mixfmt=no) ;
run;

Proc Mixed data=TallFlux; by DOY;

Class Rep TRT;

Model Flux=TRT /residual OUTP=CumuFlux pred out;

Random Rep;

LSMEANS TRT /pdiff alpha=0.05;

ods output diffs=CumuFluxppp lsmeans=CumuFluxmmm tests3=CumuFluxType3;
ods listing exclude diffs lsmeans;

run;

%include 'c:\sas\pdmix800.sas"';

*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.10, sort=yes,mixfmt=no) ;
$pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.05, sort=yes, mixfmt=no) ;
*%pdmix800 (CumuFluxppp, CumuFluxmmm, alpha=0.01, sort=yes, mixfmt=no) ;
run;
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