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ABSTRACT 

NITROGEN APPLICATION TIMING AND CEREAL RYE (SECALE 
CEREALE L.)  COVER CROP INFLUENCE GREENHOUSE GAS EMISSIONS 

 

GRAIG REICKS 

2024 

Dryland contributions to greenhouse gas (GHG) emissions are increased by N 

fertilizer applications and high soil water contents.  Fertilizer timing and spring growth of 

cover crops prior to cash crop planting were investigated in separate studies to examine 

impacts on overall GHG emissions using a near continuous measurement system.  There 

was a significant interaction between N fertilizer rate (0 vs. 224 kg N ha-1 surface-applied 

as urea) and application date (p= 0.01) for CO2 emissions.  This interaction occurred 

because N fertilizer increased CO2 emissions by 35% for the 21 d interval following early 

spring application.  When application was delayed until mid-spring, the opposite 

response occurred, and N fertilizer application reduced CO2 emissions by 19% (p=0.06).  

CO2 and non-CO2 emissions (N2O plus CH4) were analyzed separately in this study 

because previous research demonstrated that C addition from crop residues can offset 

CO2 emissions at this location.  The soil was a CH4 sink for all six application dates, but 

atmospheric CH4 consumption was 85% greater during spring and early summer 

[averaging -85.8 g CO2e (ha×h)-1] than during fall/early winter [averaging -46.3 g CO2e 

(ha×h)-1].   The soil consumed CH4 at a rate to offset N2O emissions by 9.6% during mid-

spring and early summer when N fertilizer wasn’t applied and by 3.1% when N fertilizer 

was applied.  Dormant-seeded cereal rye (Secale cereale L.) produced an average of 445 

kg biomass ha-1 during the first three weeks of spring growth, which is normally prior to 

corn (Zea mays L.) emergence.  The cover crop reduced N2O emissions by 53% and did 
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not increase CO2 emissions.  However, since N2O emissions only made up 4% of total 

GHG emissions, the cover crop only reduced total GHG emissions by 2%.  These results 

indicate that early spring in eastern South Dakota climates may be a key time to target 

mitigation strategies for soil GHG emissions in a corn and soybean production system.  

Delaying N fertilizer application from early spring to mid-spring has more potential to 

reduce these emissions (26% reduction) than growing a cereal rye cover crop that is 

terminated just prior to corn planting (2% reduction).   
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CHAPTER 1 INTRODUCTION 

Types of Greenhouse Gases (GHG) 

In the 21st century, reducing the impact of annual cropping systems on global 

warming should involve the wide scale adoption of science-based climate smart practices.  

Goals of climate smart practices include increasing crop productivity and resilience, 

while concomitantly reducing emissions of the three major greenhouse gases (GHG), 

which are CO2, N2O, and CH4.  Of these gases, CO2 typically receives the most attention 

since it makes up 79.4% of all U.S. GHG emissions.  When expressed as CO2 equivalents 

(CO2e), CH4 and N2O represent 11.5% and 6.2% of the GHG emissions, respectively 

(EPA, 2023). CH4 and N2O cause 27.9 and 273 times as much global warming as CO2 

over a 100-year period, respectively.  Therefore, their CO2e is calculated by multiplying 

their emission values by 27.9 and 273, respectively.   

According to the U.S. Environmental Protection Agency (EPA, 2023), agriculture 

contributes 9.4% of the total annual U.S. GHG emissions.  Practices that improve crop 

productivity, such as N fertilization to increase yields, are generally conceptualized as 

increasing, rather than decreasing, GHG emissions.  For example, N2O emissions from 

soil management (mostly from N fertilizer addition) comprise 49.2% of the total GHG 

emissions from U.S. agriculture (4.6% of U.S. total GHG) and are the largest source of 

U.S. N2O emissions.  In their report, they cited rice cultivation as the only U.S. cropping 

practice that contributes CH4 emissions, which contributed 2.8% of the total U.S. 

agricultural GHG emissions.  In their global inventory of the soil CH4 sink, Dutaur and 

Verchot (2007) reported forests and grasslands as both sinks and sources of CH4.  They 
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reported cultivated lands only as sources of CH4, although their dataset for cultivated 

lands was only 47 of their 318 datapoints.   

Sources of GHG in Agriculture and Uptake by Soils 

CH4 is part of a cycle with CO2, where CH4 is the most reduced form of C, 

whereas CO2 is the most oxidized.  This cycle begins with decomposition of soil organic 

matter by methanogenic bacteria under anaerobic conditions (>60% soil moisture), which 

produces CH4.  Under drier aerobic conditions (<60% soil moisture), CH4 is oxidized (i.e. 

consumed) by methanotrophs, and therefore sequestered from the atmosphere as one of 

several intermediates, eventually returning to the atmosphere as CO2.  CH4 is a relatively 

short-lived gas with an average residence time of only 11.8 yrs. in the atmosphere before 

it is oxidized in the atmosphere with excess OH-1 and returns to CO2 (Canadell et al., 

2021).  The most recent version of IPCC (Smith et al. 2021) was the first version to 

assign different GWP100 values to CH4 depending on its source.  For example, oxidation 

of CH4 from fossil sources is viewed as adding new CO2 to the atmosphere and receives a 

GWP100 value of 29.8.  When CH4 originates from non-fossil sources, it’s viewed as part 

of the existing cycle between atmospheric CO2 and CH4 and receives a lower a GWP100 

of 27.0 CO2e.  A weighted average of these two sources was used to estimate the overall 

GWP100 of 27.9 CO2e for CH4. 

N2O emissions are typically associated with denitrification, which is the microbial 

reduction of soil NO3- to N2O under anaerobic soil conditions.  N2O emissions may also 

occur under aerobic conditions during nitrification, which is the oxidation of NH4+ to 

NO3-.  N2O has a much longer residence time of 116 years in the atmosphere (Canadell et 

al., 2021) compared to CH4.  Application of N fertilizer from 0 to an optimum level 
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increases crop productivity as well as N2O emissions.  Thies et al. (2020) measured N2O 

emissions from soil for 21 d following a urea application that provided 200 kg N ha-1 and    

reported that N2O emissions in response to fertilizer varied by season.  N fertilizer did not 

increase N2O emissions for most application timings in their study (early fall, mid-fall, 

early winter, early spring, and mid-spring).  The application timing where N fertilizer did 

increase N2O emissions was early summer, which was by 293% over the other season’s 

averages, and accounted for 0.06% of the N applied lost as N2O within 21 of application.  

It’s important to note that the Thies et al. (2020) study wasn’t designed to separate N2O 

emissions from their N source (i.e. fertilizer vs. soil residual).  In addition to directly 

contributing fertilizer N to the inorganic N pool, the N fertilizer may have also 

contributed indirectly by stimulating soil microbes, which mineralized N from soil 

organic matter.  Similar responses can occur even when N is applied at two lower rate 

applications (i.e. split applied) rather than as one high rate (Venterea and Coulter, 2015; 

Venterea et al., 2016).     

 

Methods to Reduce GHGs  

There are many ways to reduce GHG emissions from a corn and soybean 

production system.  Two commonly proposed methods are through better N fertilizer 

timing and the inclusion of a cover crop.   

N Fertilizer Timing 

Phillips et al. (2009) conducted a study near Mandan, ND where soils were 

fertilized with 70 kg N ha-1 as urea in early spring (1 April) or late-spring (13 May) to 

corn that was planted on May 15.  They concluded that CO2 fluxes were greater and that 
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CH4 fluxes were lower when soils were fertilized in late spring.  They observed no 

significant difference between N2O emissions between the application dates.  Their study 

did not have an unfertilized control, so the effects of application timing and not of 

fertilizer were compared.  Their N fertilizer rate was also about half of what farmers 

would apply to corn in eastern SD.    

Cover Crops 

Growing cover crops prior to planting cash crops is on the rise, but still relatively 

uncommon.  The United States Department of Agriculture’s National Agricultural 

Statistics Service (USDA-NASS) releases a Census of Agriculture every five years.  The 

2022 Census of Agriculture reported that 18.0 million acres of cover crops were planted 

in the U.S.  This was up 17% from 15.4 million acres in 2017.  However, the number of 

acres with a cover crop in 2022 only covered 6.0% of U.S. harvested cropland.   

The U.S. Census of Agriculture did not provide specifics of cover crop species or 

the cropping systems utilizing cover crops.  Instead, the Sustainable Agriculture Research 

and Education’s (SARE) National Cover Crop Survey Report for 2022-2023 provided 

more insight.  This report surveyed 795 growers from 49 states and reported that 48.8% 

of the respondents grew a cover crop in rotation with corn.  Of those growers, 59.5% 

grew the cover crop prior to planting corn.  Cereal rye was the most popular species, 

grown on 50.9% of the acres either in a mixture or monoculture.  Radish was the next 

closest but was only grown on 16.4% of the acres.   

Cover crop services can include increased soil organic C stocks, reduced soil 

erosion, reduced soil compaction, improved soil aggregation, reduced soil temperature, 

improved cycling of N, weed control, water conservation, increased cash crop yields, and 
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biomass for livestock or biofuel production (Blanco-Canqui et al., 2015).  Given the short 

timeframe for growth, and biomass production, its benefits may be limited.  In a four-

year Nebraska study, Ruis et al. (2020) grew either cereal rye or a mix of cereal rye, 

winter pea (Pisum sativum L.), hairy vetch (Vicia villosa L.), and radish (Raphanus 

sativus L.).  They concluded that the low biomass (<1,000 kg ha-1) from these cover crops 

in a corn-soybean rotation did not impact soil properties, such as soil organic C and wet 

aggregate stability.   

Cereal rye is a popular species because it can quickly produce biomass during the 

short timeframe of early spring prior between thaw and planting a cash crop, which 

occurs when soil temperatures have reached 10.0 to 15.6°C.  In eastern SD, cover crops 

are either interseeded during the growing season of the previous cash crop or are seeded 

following harvest of the previous cash crop.  The two methods are outlined below. 

 Interseeding into standing crops 

Interseeding into the previous cash crop usually consists of an aircraft (airplane or 

helicopter) dropping seed over the field, which mostly lands on the soil surface beneath 

the crop canopy.  This method allows for an earlier seeding date and can be a very 

efficient process due to the high speed of aircraft.  The biggest disadvantage of this 

method is that sufficient rain or irrigation is required to achieve germination of seeds 

broadcast on the soil surface.  If this doesn’t occur, the operation could be a failure.  For 

this reason, broadcast interseeding is conducted as soon as possible in late-summer to 

increase the chances for rain exposure.  In addition, a higher seeding rate is often used to 

compensate for the lower amount of seed-to-soil contact in a surface broadcast compared 

to drilling seed into the soil.  Mohammed et al. (2020) broadcast seeded cereal rye onto 
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the soil surface in standing corn or soybeans on three different dates ranging from mid-

August to late-September at three different sites.  Biomass was measured the following 

spring on May 1, where 1864, 786, and 724 kg ha-1 at Ames, IA; Fargo, ND; and Morris, 

MN, respectively.  The biomass production was lower as the seeding date was later in the 

fall late seeding date, but the difference typically evened out by May 1.  The location of 

the study reported in this dissertation is near Brookings, SD and is geographically 

between the Fargo/Morris and Ames study locations, but more similar to the 

Fargo/Morris locations in terms of heat units and precipitation for growing rye biomass.  

Based on these results, we could estimate 1000 kg rye biomass ha-1 if the cover crop were 

broadcast into standing corn or soybeans from mid-August through early-September and 

termination were to occur on May 1 the following growing season.  Again, this would be 

prior to corn emergence, but not necessarily prior to corn planting, as corn is sometimes 

planted in late-April if soil conditions are favorable.   

Drill Seeding after Corn or Soybean Harvest 

Seeding with a drill is far less efficient, since a tractor pulling a drill only travels 

at small fraction of an airplane’s speed.  However, the extra time needed to drill the cover 

crop seed into the soil might be the difference between having a cover crop and not 

having one.  In addition, significantly lower seeding rates are often possible with a drill 

since there’s better seed-to-soil contact.   Kantar and Porter (2014) drilled a cereal rye 

cover crop at two week increments during the fall and then measured biomass the 

following spring at two dates in May near Lamberton, MN (Table 1.1), which is only 125 

km east of Brookings, SD and has a similar climate.  Soybean harvest typically occurs 

between first and second seeding dates (mid-Sept. and early Oct.) used in their study, and 
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if seeded simultaneously with soybean harvest, the cover crop may be planted by the 

early October seeding date.  Since corn typically follows soybeans in the crop rotation, 

cover crop termination in early May around the time of corn planting produced 1014 kg 

biomass ha-1 in 2007, but only 19 kg ha-1 in 2008.  These extremes show the challenges 

of incorporating a cereal rye cover crop into a corn and soybean rotation, especially 

during the corn growing season.  

The mid-October date was dormant seeded (Table 1.1), as Kantar and Porter 

(2014) reported no biomass was produced during the fall from this seeding date.  Since 

corn is typically harvested following soybeans and often lasts into late-October or early-

November, dormant seeding a cover crop is more likely following corn harvest than 

following soybean harvest.  During the following spring, soybeans normally follow corn 

in the crop rotation.  Soybean planting typically begins after corn planting has finished 

when soils have reached 15.6°C.  This can extend the cover crop growing season by a 

few weeks into mid-May.  In Kantar and Porter (2014), these additional few weeks of 

cereal rye growth increased biomass production by about 200% (or by three-fold), which 

was especially beneficial to a dormant seeded cover crop, as the biomass production went 

from 502 to 1644 kg ha-1 when terminated on 5/9/07 and 5/21/07, respectively.  They did 

not measure GHG emissions, only rye biomass production.   
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Table 1.1.  Cover crop biomass production at different seeding and termination dates 
near Lamberton, MN.  Adopted from Kantar and Porter (2014). 
Seeding 

Date 
Sampling 

Date 
Biomass   Sampling 

Date 
Biomass % biomass 

increase2 
 

  kg ha-1    kg ha-1   
9/19/06 5/9/07 1231 a1   5/21/07 3419 a 178  
10/4/06   1014 a    2735 b 170  
10/17/06   502 b    1644 c 227  
         
         

 9/20/07 5/4/08 475 a   5/18/08  1331 a 180  
10/5/07   ~0 b       302 b   
10/19/07   0      ~0       
1Values followed by a different letter within the same sampling date are significantly 
different at p<0.05. 
2Percent biomass increase over early sampling date 

 

GHG Reductions from cover crops 

Basche et al. (2014) conducted a meta-analysis of GHG emissions from cover 

crops that included a broad spectrum of cover and cash crop species, tillage systems, N 

fertilization rates, and geographies.  In their analysis, they reported that 40% of cover 

crop trials decreased N2O emissions, while 60% increased N2O emissions.  Net emissions 

were close to zero for studies that reported on an entire year of data, generally with net 

reductions during the growing phase of the cover crop and net emissions during the 

decomposition phase.  One of the cereal rye cover crop trials in their meta-analysis was 

Jarecki et al. (2009), who measured N2O emissions over a year from a mollisol in central 

IA that had a winter rye cover crop broadcast onto the soil surface just prior to soybean 

leaf drop.  Corn was the following cash crop, which received 175 kg N ha-1 as a UAN 

sidedress.  The cover crop appeared to reduce cumulative N2O emissions by about 25% 

(visual estimation from a bar graph).  However, this difference was not reported as 

statistically significant.  Measurements were only taken once per week during the 
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growing season and less frequently for the rest of the year.  Lack of data may explain this 

non-significant difference. 

In a 10-yr corn-soybean rotation in central IA, where the treatments were either a 

post-harvest drill-seeded rye cover crop (following both corn and soybeans) vs. no cover 

crop, Parkin et al. (2016) reported that the rye reduced cumulative NO3 leaching losses by 

53.5% (359 vs. 167 kg ha-1) over the course of the study.  Despite the large NO3 leaching 

reduction and a significant decrease in cumulative annual N2O emissions in 5 of the 10 

years, rye did not reduce cumulative N2O emissions over the entire study.  Even though it 

wasn’t mentioned in the context of their paper, the three years with the lowest rye 

biomass production (500, 610, and 1,080 kg ha-1) occurred during spring of the soybean 

growing season, and were three of the five seasons where rye reduced N2O emissions.  

This shows that smaller amounts (<1,000 kg ha-1) of cereal rye cover crop biomass may 

have a larger impact on reducing N2O emissions than higher quantities of biomass.  Due 

to the cold spring seasons in the Upper Midwestern U.S., it will likely be a challenge to 

produce large amounts of biomass prior to planting corn or soybeans.   

 In a Japanese study, Gong et al. (2021) seeded either a hairy vetch or cereal rye 

cover crop between crops of continuous soybeans.  They reported that cereal rye and 

fallow had similar CH4 consumption and N2O emission levels.  Hairy vetch, a legume, 

had net CH4 emissions (instead of consumption) but similar N2O emissions as rye and 

fallow.  When factoring in CO2, fallow, rye, and hairy vetch all had similar net global 

warming potential (GWP).  This study produced relatively large amounts of biomass 

compared to the cereal rye studies previously mentioned, at 8.1, 3.2, and 3.1 Mg ha-1 for 
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the rye, hairy vetch, and fallow (weeds) treatments, respectively.  In addition, they did 

not have a true vegetation-free control and only compared rye to weeds.   

In an irrigated New Mexico study, Acharya et al. (2022) had different results than 

those previously discussed and reported that various winter cover crop mixtures (annual 

ryegrass and triticale for grasses, daikon radish and turnip for brassicas, and clover and 

winter pea for legumes) increased both CO2 and N2O emissions during the cover crop 

growth phase compared to a no cover crop control.  After the cover crop was terminated 

and corn was planted (i.e. the cash crop phase) emissions were similar between cover 

crop and no cover crop treatments.  Archarya et al. (2022) did not report cover crop 

biomass amounts.    

Impact of Termination Timing on Corn Yield 

Even though information on whether a spring-grown cover crop can reduce GHG 

emissions is lacking, there is information on the quantity of cereal rye biomass that can 

reduce corn yields.  A two-year study in central IA by Acharya et al. (2017) found that 

approximately 1,000 kg rye biomass ha-1 reduced corn yields by 11.5% in 2014 when rye 

was terminated the day after corn planting.  A much earlier growing season in 2015 

produced 1,000 kg biomass ha-1 when they terminated 25 days before planting, which 

still reduced corn yields by 6.6%.  Corn yields were not impacted when approximately 

500 kg biomass ha-1 were produced and terminated at 10 days before planting in 2014.  

Unfortunately, their study was unable to generate 500 kg biomass ha-1 at or shortly after 

planting to observe the impact on yields.    

Moriles-Miller et al. (2024) terminated cover crops at 2 weeks prior to planting 

(BP), at corn planting (V0), and then at the V2 and V4 growth stages of corn.  In the 
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wetter year of 2019, rye terminated at the V2 growth stage of corn had 722 kg biomass 

ha-1 and did not reduce silage yield.  However, if rye was terminated at the V4 growth 

stage, rye biomass was 1120 kg ha-1 and silage yield were reduced by 36.5% compared to 

a treatment without rye.  In a drier year (2020), the negative effects occurred when the 

rye was terminated at V0 and had 62 kg biomass ha-1, which still reduced grain yield by 

19.3%.  When terminated at V2, rye had 634 kg biomass ha-1 and resulted in a grain yield 

loss of 28.9%.  

Except for the Moriles-Miller et al. (2024) trial, most of the trials discussed 

produced at least 500 kg aboveground biomass ha-1 by corn planting.  This was the only 

trial that featured a dormant seeded the cover crop in late-October, which resulted in 

essentially no fall growth.  The other trials were seeded in late-summer or early-fall and 

began growing in the fall.  When dormant seeding, spring growth will likely be much 

slower because the cover crop still needs to go through the germination process.  

Therefore, the fall dormant seeded cover crop may require a later termination date, 

possibly after the corn has emerged, to experience the ecosystem services that the cover 

crop can provide.  There’s a heightened risk for yield loss by having a living (or even 

dying) cover crop in proximity to corn seedlings, even if the cover crop is small and not 

competitive for light, nutrients, and water.  Moriles-Miller et al. (2012) showed that 

altered transcriptome signaling by weeds can reduce corn yields even when they’re small 

and not taking resources from the corn plants.   
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Statement of the Problem 

As GHG emissions continue to rise, agriculture is at the crossroads of whether the 

industry wants to be perceived as a net emitter, net reducer, or GHG neutral.  CO2 is the 

most discussed GHG, and agriculture can certainly play a role in reducing its atmospheric 

concentration through reduced fossil fuel inputs and sequestration of carbon into soil.  

N2O and CH4 are less frequently discussed, but agriculture also plays an important role in 

both producing and reducing these gases.  N fertilizer is needed to produce most crops 

profitability.  However, its application typically results in higher N2O emissions than 

unfertilized soil.  Farmers probably cannot eliminate N fertilizer from their operations, 

but perhaps they may consider methods to manage N fertilizer differently if it improves 

their income.  We’ve reached the point where farmers can be paid for reductions in GHG 

emissions to produce their crops.  Since limited information exists on whether N fertilizer 

and its application timing impacts CO2 and CH4 emissions, the first null hypothesis for 

this research is that N fertilizer and its application timing will not affect total GHG 

emissions from soils in a dryland cropping system.  In the second part of our research, we 

investigated whether a cereal rye cover crop grown during the spring, and terminated at 

cash crop planting, could reduce total GHG emissions.  Potential GHG reductions would 

likely be through reduced N2O emissions stemming from uptake of soil moisture and/or 

N by the cover crop.  The null hypothesis for the second part of our research is that a 

cereal rye cover crop will not significantly affect overall GHG emissions.  
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CHAPTER 2: GREENHOUSE GAS EMISSIONS WERE IMPACTED BY UREA 
APPLICATION TIMING 

Abstract 

Three important greenhouse gases connected to annual crop management are 

CO2, N2O, and CH4.  It’s widely accepted that N fertilizer application increases N2O 

emissions from soils.  However, little is known about N fertilizer impacts on CO2 and 

CH4 emissions, especially at different application timings.  Therefore, the objective was 

to determine the impact of urea application timing on all three of these gases.  In this 

study, urea was surface applied at two rates (0 and 224 kg urea-N/ha) in the early fall 

(Sept. 21 - Oct. 11, 2017), mid-fall (Oct. 11 - Nov. 1), early winter (Nov. 1 – Nov. 15), 

early spring (May 1-22, 2018), mid-spring (May 22 – Jun. 12), and early summer (Jun. 12 

– Jul. 4).  Emissions were measured near-continuously with an automated system.  There 

was a significant N fertilizer x application date (p=0.01) interaction for CO2 emissions.  

This interaction occurred because in early spring, the fertilized treatment emitted 35% 

more CO2 [109,433 g CO2 (ha×d)-1] than the unfertilized treatment [80,976 g CO2  

(ha×d)-1] during the 21 d following application.  During mid-spring, the opposite 

occurred, and N fertilizer reduced CO2 emissions by 19% (p=0.06) compared to 

unfertilized soil.  The soil was a CH4 sink for all six application dates, consuming CH4 at 

a rate to offset N2O emissions by 9.6% during mid-spring and early summer when N 

fertilizer wasn’t applied and by 3.1% when N fertilizer was applied.   It was a stronger 

CH4 sink during spring and early summer [averaging -85.8 g CO2e (ha×d)-1] than during 

fall and early winter [averaging -46.3 g CO2e (ha×d)-1].  N fertilizer had a negative 

impact on CH4 consumption, reducing it by 20%, from -74.5 to -59.9 g CO2e (ha×d)-1.  

These findings suggest that by delaying N fertilizer application 21 d in the spring, which 



14 
 

in eastern South Dakota would be from around the time of corn planting until shortly 

after corn emergence, may have large impacts on reducing CO2 emissions.  In addition, 

CH4 consumption by soils can offset a portion of soil N2O emissions that may be worth 

considering in analyses.   

INTRODUCTION 

  In the 21st century, reducing the impact of agriculture on global warming will 

involve the wide scale adoption of science-based climate smart practices.  These climate 

smart practices have the goal of increasing productivity and resilience, while reducing 

greenhouse gas (GHG) emissions.  However, practices that improve productivity may 

have opposite impacts on GHG emissions.  For example, increasing the N rate from 0 to 

an optimum level generally increases productivity and N2O emissions.  Similar responses 

can occur when N fertilizer is split applied (Venterea and Coulter, 2015, 2016).  

Therefore, practices designed to improve productivity need to be tested for their impact 

on CO2, N2O, and CH4 emissions. Of these gases, CH4 is the least understood.  

 Methane is an important GHG that is produced during crop production, and its 

concentration in the atmosphere has increased 142% since the pre-industrial era.  It is 

estimated that approximately 60% of the global methane emissions are linked to ruminant 

livestock and rice production (Karakurt et al., 2012; Saunois et al., 2016).  Methane is 

also emitted by natural sources, such as wetland soils, where anaerobic methanogens 

thrive.  Methane has a global warming potential (GWP) value of 25, meaning that 1 kg of 

CH4 causes 25 times as much warming over a 100-year period as 1 kg of CO2.   

Prior research is inconclusive on whether dryland cropping systems are a source 

(increase atmospheric CH4) or sink (reduce atmospheric CH4) of methane.  Ussiri et al. 

(2009) reported that in an Ohio dryland continuous corn system, no-till soils were a net 



15 
 

methane sink, whereas tilled soils were a methane source.  Xiangyin and Groffman 

(2018) reported that Northeastern U.S. forests can be important sinks, however due to 

increasing rainfall, the strength of sink has been decreasing.  In the United Kingdom and 

Ireland, Cowan et al. (2020) reported that agricultural soils are a source of CH4.  

However, this interpretation may be based on the experiment containing cattle slurry, 

food waste digestate, and feces and urine treatments.  They reported that each treatment 

type had a different emission rate where some treatments were sources and others were 

sinks.  For example, at their Boghall site that used cattle slurry, CH4 emissions were 0.05 

nmol (m2 ×s)-1 , whereas at Lincolnshire where fertilizer was not applied, the soil had a 

consumption rate of 0.04 nmol (m2×s)-1.  

Differences between the study sites may be related to impact of treatment on soil 

inorganic N.  Aronson and Helliker (2010) concluded that because the oxidation reactions 

of CH4 to CO2 and NH4 to NO3- compete for the same active sites on the methane 

monooxygenase (MMO) and ammonia monooxygenase (AMO) enzymes, treatments that 

add NH4 can reduce the strength of the sink (Figure 2.1).  To the best of our knowledge, 

research has not investigated the impact of N fertilizer application timing on CH4 flux.  

This is an important question because if the primary CH4 removal mechanism is 

microbial oxidation, then changes in microbial respiration or NH4 concentrations can 

affect the flux rate.  Therefore, the objective of this research was to determine the impact 

of N fertilizer application timing on CH4 emissions.   

MATERIALS AND METHODS 

Details on the field experiment are reported in Thies et al. (2019, 2020) and are 

summarized below.  The study site was near Aurora, South Dakota (44o 18’ 20.57” N, 

96o 40’ 14.04” W), and was located on the border between the Bsh (semi-arid) and DFa 
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(continental wet all seasons) Köppen climate groups.  The soil was a well-drained Brandt 

silty clay loam (Fine-silty, mixed, superactive, frigid Calcic Hapludolls) (Soil Survey 

Staff, 2018) on a 0 to 2% slope with parent materials of loess (0-60 cm) over glacial 

outwash.  It contained 280 g clay kg-1 (28%), 65 g silt kg-1 (65%) 7 g sand kg-1 (7%) and 

36 Mg ha-1 (1.8% SOC) of soil organic carbon (SOC) in the surface 15 cm.  Testing of 

this soil showed that due to a soil textural discontinuity between 60 and 80 cm (silty clay 

loam to gravel), the deep drainage (D) value was near zero during the growing season.  

The gravimetric water contents at field capacity and the wilting point were approximately 

0.315 and 0.177 g g-1, respectively.  For the study site, additional findings are reported in 

Clay et al. (1996, 2005, 2015).   

Site Preparation and Sampling Intervals 

Soybean (Glycine max) were planted at the site immediately prior to this study 

and N fertilizer was not applied for the prior 1.5 years.  To prepare the soil for the 

experiment, soybeans were terminated, and surface residue was removed on September 

14, 2017.  The experiment was conducted during six different seasons (Table 2.1), with 

each season lasting 21 days, except for early winter 2017, which ended after 14 days due 

to soil freezing.  To start each season, eight experimental units, which were 314 cm2 PVC 

rings, were inserted 5 cm into the soil.  All of the rings were within 2 m of each other 

during a given season and the experimental units were kept weed free.  The experiment 

contained two N rates (0 and 224 kg N ha-1), where the fertilizer was urea (46-0-0) 

dissolved in 10 mL of water and sprinkled onto the soil surface within each ring.  The no 

urea treatment received the same amount of water, but without dissolved urea.  This 
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application was made on the first date of each season.  For each subsequent season, the 

rings were moved to another location within the trial site.   

GHG measurements 

  At the start of each season, a LI-COR LI-8100-104 long-term opaque chamber 

(8100-104 LI-COR, Lincoln, NE) was placed over each of the eight rings.  Each chamber 

was programmed to pivot over the top and enclose its respective ring for 15 min. once 

every 4 hours.  All eight chambers were connected to a central Picarro® Cavity 

Ringdown Spectrometer (model G2508; Picarro Inc., Santa Clara, CA) that measured 

CH4, N2O, CO2, and NH3 concentrations inside the chamber headspace during each 15 

min. sampling period, where one measurement per second was recorded for a total of 900 

measurements.  Sampling periods were from: 0000 to 0230 h, 0400 to 0630 h, 0800 to 

1030 h, 1200 to 1430 h, 1600 to 1830 h, and 2000 to 2230 h.  This allowed for sampling 

of the average (0930 to 1030 h), minimum (0530 to 0630 h), and maximum air 

temperatures (1330 to 1430 h) during each day (Thies et al., 2019).  The original chamber 

sampling order was selected at random but remained constant for each application date.  

The gas within the chamber was mixed and a vent equalized the chamber and 

atmospheric pressures.  Corrections were then made to each individual chamber to 

account for air volume differences.  Flux values were calculated using version 4.01 LI-

COR SoilFluxPro™ software (v. 4.01; LICOR, Lincoln, NE).  For example, the CH4 flux 

was a balance between production and consumption by the soil.  Positive flux values 

indicate the soil was net CH4 source, whereas negative flux values show the soil was a 

net CH4 sink. 
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Soil moisture and temperatures for the surface 5 cm were measured using the LI-

COR LI-8150-205 Soil Moisture Probe (LI-COR, Lincoln, NE) and the LI-COR LI-

8150-203 Soil Temperature Probe (LI-COR, Lincoln, NE), respectively.  These were 

taken from two different areas adjacent to the chambers.  During the experiments, power 

outages or machine failures resulted in two short gaps in two datasets (Sept 21 to 22 and 

May 1 to May 2). Missing information was replaced with time-appropriate information 

collected from each chamber.   

Soil Sampling 

To avoid soil sampling inside the treatment rings during each measurement 

period, an adjacent one m2 area was fertilized with 200 kg N ha-1 to serve this purpose.   

Urea was applied to this square on the same date that was applied inside the rings.  Each 

soil sample consisted of eight cores from the surface 15 cm were collected on the first 

day of each season from both inside (treated) and outside (untreated) the fertilized 

squares.  Samples also were collected during the middle of each season and at the end of 

the season. Samples were dried, ground, sieved and analyzed for NH4+ -N and NO3-1–N 

(Clay et al., 2005; Kim et al., 2008).  The NH4+ and NO3- values from these three 

sampling dates were averaged for each season.    

The soil bulk density of the surface 15 cm was 1.29 and 1.34 g cm3 for fall/early 

winter 2017 and spring/early summer 2018, respectively.  Bulk densities and volumetric 

water contents were used to calculate the water filled pore space, using the assumption 

that soil particle density was 2.65 g cm-3.  The bulk densities were then used to convert 

the soil gravimetric values to volumetric values.    
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Soil samples (0- to 15-cm) for microbial community assessment were collected on 

11 Oct. 2017 and 12 June 2018. Sampling and storage methods were outlined in Veum et 

al. (2019).   Phospholipid Fatty Acid (PFLA) analysis was conducted by WARD 

Laboratories, Inc. (WARD Labs Inc, Kearney, NE) that used a modification of Hamel et 

al. (2006).  Details of this modification are provided in Thies et al. (2019, 2020). 

Data Analysis  

CH4 was converted to CO2e by multiplying g CH4 m-2 by 27.9 and N2O emissions 

were converted to CO2e by multiplying g N2O m-2 by 273.  Total daily GHG emissions 

were the sum of the CO2, CH4, and N2O values (all expressed in CO2e) for each day from 

each chamber.  Statistical analysis was conducted using the Agricolae package in R 

Studio (R Core Team, 2023).  For Analysis of Variance, the average daily emission value 

from each chamber for a given application timing was analyzed using the aov function in 

R Studio (Posit team, 2023).  Post hoc analysis was conducted was conducted using the 

Duncan test in the Agricolae Package of R Studio (de Mendiburu, 2023).  When p-values 

were <0.05, means were considered significantly different.  

For modeling, separate analyses were conducted for fall 2017 and for spring/early 

summer 2018.  Each data point was the mean daily from the four measurement chambers 

for an N fertilizer treatment (i.e. September 21, 2017 fertilized with urea).  For 2017, 

there were 84 datapoints (21 days for early fall + 21 days for mid-fall x 2 fertilizer 

treatments per day).  Early winter was not included because there wasn’t soil sampling 

data to accompany the GHG data.  In addition, early winter only lasted 14 days.  For 

2018, there were 126 datapoints (21 days for early spring + 21 days for mid-spring + 21 

days for early summer x 2 fertilizer treatments per day).  Since soil wasn’t sampled every 
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day, the missing values between sampling dates were estimated by filling in values in a 

linear fashion.  Correlation analysis was used to determine the relationship among the 

measured values.  Forward stepwise multiple regression was used to create a model using 

the OLSRR package in R Studio (Hebbali, 2020).  

RESULTS AND DISCUSSION 

  In the fall, soil and air temperatures decreased from 21 Sept 2017 to 15 

November 2017 and increased the following spring from 1 May 2018 to 4 July 2018 

(Table 2.1).  These changes are expected in the Northern U.S. climates of this study site.  

Soil moisture was dependent on rainfall that varied during the study.  Weather was 

relatively normal, except for the Early Fall 2017 fertilizer application, which was 

exceptionally wet, with 17.7 cm of precipitation that resulted in soil WFPS >0.85 cm-1 

cm-1 for all three weeks following fertilizer application.   

Application Date x N Fertilizer Interaction for CO2 Emissions 

An application date x N fertilizer interaction was observed for CO2 emissions 

(Table 2.2).  This interaction occurred because N fertilizer application increased CO2 

emissions by 35% compared to unfertilized soil during early spring, which is normally 

around the time of corn planting.  N fertilizer, however, decreased CO2 emissions by 19% 

(p=0.06) during mid-spring, which is normally between VE and V4 growth stages.  This 

CO2 emission decrease (23%) continued into early summer, which is normally during 

sidedress N application between the V4 and V10 growth stages.   At the other application 

dates, N fertilizer did not significantly affect CO2 emissions.   
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Table 2.1  Average 7-d soil temperatures, soil moisture, water filled pore space 
(WFPS) contents for the surface 5 cm and amounts of rainfall by week and totals over 
the 21 d. The time intervals shown are 0 to 7, 8 to 14, and 15 to 21 d after fertilizer 
application. The values in parenthesis for volumetric soil moisture represent the range 
in values over each study period.  This is a modified table from Theis et al. (2020). 

Season Date Range 
Soil 

Temp. 
Volumetric soil 

moisture WFPS Precip. 
  ◦C cm3 cm-3 cm3 cm-3 cm 

Early fall               
2017 

Sept. 21 - 27 17.5 0.44 (0.12-0.52) 0.857 11 
Sept. 28 – Oct. 4 15.2 0.45 (0.36-0.51) 0.877 6.5 
Oct. 5 – 11 11.8 0.45 (0.34-0.49) 0.877 0.2 

 Average  14.8 0.45 0.870 17.7 
      

Mid-fall                     
2017 

Oct. 11 - 18 10.9 0.32 (0.28-0.39) 0.624 0.3 
Oct. 19 - 25 12.2 0.32 (0.25-0.45) 0.643 0 
Oct. 26 – Nov. 1 4.0 0.28 (0.18-0.45) 0.643 0.4 

 Average  9.0 0.31 0.637 0.7 
      

Early 
winter              
2017 

Nov. 1 - 8 3.3 0.24 (0.23-0.26) 0.468 0.7 
Nov. 9 - 15 2.2 0.24 (0.17-0.32) 0.468 0 
     

 Average  2.8 0.24 0.468 0.7 
 

 
   

Early 
spring           
2018 

May 1 - 8 12.6 0.37 (0.36-0.41) 0.749 1.3 
May 9 - 15 10.4 0.45 (0.28-0.41) 0.91 2.3 
May 16 - 22 14.4 0.33 (0.30-0.42) 0.668 0 

 Average  12.5 0.38 0.776 3.6 
 

 
   

Mid-
spring              
2018 

May 22 - 29 21.9 0.27 (0.20-0.33) 0.546 0.3 
May 30 – Jun. 5 18.9 0.27 (0.19-0.32) 0.546 1.2 
Jun. 6 - 12 18.5 0.26 (0.19-0.34) 0.526 0.9 

 Average  19.8 0.27 0.539 2.4 
 

 
   

Early 
summer          

2018 

Jun. 12 - 19 21.1 0.29 (0.22-0.37) 0.546 2.3 
Jun. 20 - 27 18.9 0.34 (0.12-0.56) 0.465 4.2 
Jun. 28 – Jul. 4 21.0 0.36 (0.26-0.68) 0.607 3.8 

 Average 20.3 0.33 0.539 10.3 
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One possible explanation for the reduced CO2 emissions during mid-spring and 

early summer was microbial inhibition by acidity generated through nitrification. Chen et 

al. (2016) also reported a reduction in CO2 emissions in response to N fertilization.  In 

their study, they applied either H2SO4 or NH4NO3 and saw a downward trend in soil 

respiration and pH from each of these products that almost paralleled one another.  By 

applying a product that did not contain N, such as H2SO4, they were able to isolate 

whether the reduction in CO2 emissions from the NH4NO3 addition was due to 

acidification or some other factor related to N.  In our study, it might seem appropriate to 

attribute the N-induced reductions in CO2 emissions during mid-spring and early summer 

to acidity generated from nitrification.  However, N application during early spring also 

stimulated similar amounts of nitrification as mid-spring and early summer (Figure 2.1), 

which should have generated acidity to lower CO2 emissions.  However, CO2 emissions 

increased during early spring.  One possible explanation for this increase was that soil 

NH4+ levels were usually less than half that of soil NO3- levels (Figure 2.1) during early 

spring.  This was a very different trend than what was observed in mid-spring and early 

summer, where soil NH4+ was usually greater than or similar to NO3-.  These levels 

suggest that a substantial amount of N from the urea applied in early spring became 

rapidly consumed by CO2-producing microbes that were N-limited at the time.  Choi et 

al. (2011) reported a 127% increase in CO2 emissions from urea over ammonium nitrate 

and concluded that applying N fertilizers with higher NO3- concentration could reduce 

CO2 emissions from soils.  The fact that N fertilizer application may actually reduce CO2 

emissions sounds appealing.  However, it's important to note that the 224 kg N ha-1 

applied in our study was an experimental rate and was about 33% higher than what a 
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South Dakota farmer would normally apply to corn.   

 During spring and early summer, CO2 emissions were statistically similar and 

were 53% higher than early fall (Table 2.3).  This was also reflected in soil microbial 

biomass measurements, which were 3510 mg/kg on June 10, 2018, but only 2360 mg/kg 

on 11 October 2017 (Thies et al., 2019).  Early spring and early fall are an interesting 

comparison because despite having very different net GHG emissions, they both had 

similar soil temperatures (Table 2.1).  Soil freezing and thawing prior to early spring may 

have been a contributing factor, as these cycles have been shown to lyse microbial cells 

that subsequently release dissolved organic carbon (DOC) into the soil (Christensen and 

Christensen, 1991) for microorganisms to readily consume and subsequently respire CO2.   

 

Application Date x N Fertilizer Interaction for N20 Emission Offset by CH4 
Consumption 

 
For all application dates, there was a reduction in the CH4 concentration in the 

measurement chambers, as indicated by all negative values (Table 2.2).  This suggests 

that methanotrophic bacteria in the soil were consuming more CH4 than methanogenic 

bacteria in the soil were emitting.  There was a significant interaction between N fertilizer 

and its application date on the percentage of N2O emissions that were offset by CH4 

consumption (Table 2.2).  Since early winter had very little N2O emissions compared to 

the other application dates, the 40% offset by CH4 consumption (not shown in Table 2.2) 

was misleading and negated this interaction, giving it a p-value of 0.55 (not shown in 

Table 2.2) instead of 0.01.  Therefore, early winter was omitted from the analysis of this 

interaction.  The interaction was mostly due to the amount of denitrification that occurred 

following the various application dates.  For example, early fall and early spring both had 
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the highest amounts of denitrification whether the soil was fertilized or not.  Therefore, 

CH4 consumption only offset N2O emissions by 0.9% and 2.3% during early fall and 

early spring, respectively (Table 2.3).  During mid-spring and early summer, N2O 

emissions averaged only 39% of those of during early fall and early spring.  These lower 

N2O emissions during mid-spring and early summer allowed CH4 consumption to offset 

N2O emissions by 9.6% when N fertilizer wasn’t applied and by 3.1% when fertilizer was 

applied.  This average offset of 6.4% for mid-spring and early summer simulates a 

common cropping system in eastern SD where farmers grow approximately half of their 

acres as corn and approximately half as soybeans, and the corn receives N fertilizer, but 

the soybeans do not.   

 

N Fertilizer Effect on CH4 Consumption  
 

The reduction in CH4 consumption for the N fertilized treatment during mid-

spring and early summer may have been due to increased soil NH4+ levels during this 

time.  Methanotrophic bacteria need the methane monooxygenase (MMO) enzyme to 

catalyze the oxidation of CH4 to CO2 (Figure 2.2).  If soil NH4+ levels are high, nitrifiers, 

which primarily use the ammonium monooxygenase (AMO) enzyme for nitrification, can 

also use the MMO enzyme to oxidize NH4+ to NO3-.  This makes MMO and AMO less- 

available to methanotrophic bacteria to oxidize CH4 to CO2.  Aronson and Helliker 

(2010) published a meta-analysis of 33 different studies involving N fertilizer applied to 

aerated soils and concluded that at 100 kg N ha-1 yr-1, nitrifiers become the dominant user 

of these enzymes over methanotrophs.  Their results generally agree with ours, as we 

observed reductions in CH4 consumption during mid-spring and early summer when soil 
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NH4+ levels were close to 100 kg ha-1 (Figure 2.1).  In early spring, when N fertilizer did 

not reduce CH4 consumption, soil NH4+ levels were <50 kg ha-1.   

 

N Application Timing Effect on CH4 Consumption  
 

CH4 consumption was 84% greater (more negative) during spring and early 

summer than during fall and early winter, averaging -85.8 and -46.6 g CO2e (ha×h)-1, 

respectively.  Increased dissolved organic carbon (DOC) levels during spring and early 

summer may have caused this increase in CH4 consumption.  Although we did not 

measure DOC, Sullivan et al. (2013) reported a strong relationship (r=0.76) between CH4 

consumption and DOC.  They also found isotopically labeled glucose in methanotroph 

cells, indicating that the methanotrophs utilized DOC in addition to CH4.  Prior to their 

work, it was widely accepted that methanotrophs only consumed CH4.  The consistently 

high soil moisture levels of early fall, which were >0.85 WFPS for all three weeks (Table 

2.1), may have also contributed to reduced CH4 consumption relative to early spring.  In 

incubation experiments under a series of soil moisture conditions, van den Pol-van 

Dasselaar et al. (1998) reported that when soil moisture contents exceeded greater than 

50% (w/w), CH4 consumption rapidly declined.  The optimum range for CH4 

consumption was 20-35% (w/w) soil moisture.   

 

   

 

 

 



26 
 

Table 2.2. Interaction between fertilizer application timing and N rate on greenhouse gas 
emissions.     

Application 
date N rate †CO2 †N2O CH4 

‡N20    
Offset 

 kg N/ha ------------g CO2e/(ha d)-------- % 
Early fall 0 66,578 4,901 -48.5 0.9 
Early fall 224 61,816 5,810 -35.0  0.6 
p-value  0.67 0.50 0.40 0.96 

      
Mid fall 0 42,554 1,366 -45.1 4.2 
Mid fall 224 49,482 1,908 -54.3 3.0 
p-value  0.53 0.67 0.57 0.13 

      
Early winter 0 16,963 120 -51.3  
Early winter 224 30,966 120 -45.5  

p-value  0.31 0.99 0.80  
      

Early spring 0 80,998 5,403 -93.6 2.3 
Early spring 224 109,463 6,539 -94.9 1.4 

p-value  0.01 0.40 0.94 0.53 
      

Mid spring 0 111,059 987 -107.0 9.9 
Mid spring 224 89,777 2,294 -64.6 4.5 

p-value  0.06 0.35 0.01 0.06 
      

Early summer 0 112,303 958 -90.1 9.2 
Early summer 224 86,536 3773 -64.9 1.7 

p-value  0.03 0.05 0.12 0.01 
Interaction p-value 0.01 0.75 0.25 0.01 
†Reported in Thies et al. (2019). 
‡Percent reduction in N2O emissions offset by CH4 consumption. 
§Values within the same column followed by a different letter are 
significantly different at p<0.05.  

 



27 
 

 

  

Figure 2.1.  Soil inorganic N levels (15 cm depth) for all N fertilization application 
timings.  The application date is the first date listed on the x-axis.   

 

  

 

Fertilizer Treatment – Soil N Component 
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Table 2.3. Main effects of fertilizer application timing and N rate on 
greenhouse gas emissions.   

Application 
date N rate CO2 N2O CH4 

‡N20 
Reduction 

 kg N/ha ---------g CO2e/(ha d)--------- % 
Early Fall      64,197 b§ 4,902 a -41.8 b 0.9 c 
Mid-fall    46,018 c 1,498 b -49.7 b   4.4 bc 

Early winter    26,299 d    164 b -47.5 b  
Early spring    95,230 a 5,465 a -94.2 a  2.3 c 
Mid-spring  100,418 a 1,501 b -85.8 a 8.8 a 

Early summer    99,419 a 2,165 b -77.5 a   6.6 ab 
p value  <0.01 <0.01 <0.01 <0.01  

      
 0 76,188 2486 -74.5 6.5 
 224 69,601 3407 -59.9 2.7 

p-value  †0.16 †0.08 0.03 0.01 
†Reported in Thies et al. (2019).   
‡Percent reduction in N2O emissions offset by CH4 consumption.  
§Values within the same column followed by a different letter are 
significantly different at p<0.05. 

 

 

 

  

MMO 
or 

AMO 

CH4+ CH3OH HCOH HCOOH CO2 

NH4+ NH2OH NO2- NO3- 

Methanol DH  Formaldehyde DH   Formate DH   

Hydroxylamine O Nitrate reductase 

Figure 2.2.  A simplified version of the CH4 to CO2 and the NH4+ to NO3- oxidation 
reactions and the enzymes involved.  Both compounds compete for the methane 
monooxygenase (MMO) or the ammonium monooxygenase (AMO) enzymes, meaning 
that high NH4+ concentrations can reduce the enzymes availability for methane oxidation. 
(modified from Topp and Pattey, 1997) 



29 
 

NH4 amount (kg/ha)
0 20 40 60 80 100 120 140

C
H

4 c
on

su
m

pt
io

n 
(g

 C
H

4/d
 h

)

40

60

80

100

120

140

y= 102-1.09x+0.0063x2

r2=0.37

 

Figure 2.3.  The relationship between CH4 consumption and soil NH4 amounts during the 
mid spring and early summer. 

 
Modeling 

 Since increased CH4 consumption was indicated by increasingly negative CH4 

flux values, a positive relationship between CH4 consumption and other variables were 

defined by a negative correlation coefficient.  For example, CH4 consumption had a 

negative relationship (i.e. positive correlation coefficient) with soil NO3- and NH4+ during 

spring/early summer, but not during fall (Table 2.4).  CH4 consumption also had a 

negative relationship with WFPS, but during both seasons.  The one variable that CH4 

consumption had a positive relationship with was CO2 emissions, which occurred during 

both seasons.  This can be explained by the fact that aerated soils consume CH4 and 

respire CO2.  In addition, it might seem appropriate to attribute some of this relationship 

to the CO2 produced from the CH4 consumption (Figure 2.2).  However, the amount of 

CH4 oxidized was typically <0.1% of the total CO2 emitted.  Therefore, the contribution 

of CH4 oxidation to CO2 emissions was relatively small.  For multiple regression, CO2 

emissions and WFPS explained 73.6% of the variation in CH4 consumption during fall 

(Table 2.5).  Multiple regression wasn’t as powerful during the spring / early summer, as 
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CO2 emissions, soil NH4+, WFPS, and soil temperature explained 57% of the variation in 

CH4 consumption.  Adding N2O emissions slightly improved the model to explaining 

59% of the variation.   

 CO2 emissions were more straightforward than CH4 consumption, where a 

positive relationship between CO2 and another variable was indicated by a positive 

correlation coefficient.  CO2 had a positive relationship with soil temperature during both 

fall and spring / early summer (Table 2.4).  CO2 had a negative relationship with soil 

NH4+ during both fall and spring/early summer, but only with soil NO3- and during 

spring/early summer.   For multiple regression, the model included CH4 flux, WFPS, soil 

temperature, and NH3 flux for both the fall and spring/early summer seasons (Table 2.5).  

Similar to the CH4 model, the CO2 model explained the variation fall data far more 

effectively than spring/early summer data, at 77 and 34%, respectively.   
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Table 2.4.  Correlation coefficients between soil temperature, CH4 consumption, CO2 

emissions, N2O emissions, NH3 emissions, soil NO3-, and soil NH4+.  This includes all 
data except for early winter 2017.  Values in bold font are significant at p<0.05. 
  WFPS Soil 

Temp. 
CH4 CO2 N2O NH3 Soil 

NO3- 
Fall  
 Soil Temp.  0.49       
 CH4   0.31 -0.10      
 CO2   0.13  0.48 -0.76     
 N2O   0.69  0.35 -0.01   0.31    
 NH3  -0.13  0.00 -0.21   0.30 -0.09   
 Soil NO3-   0.30  0.16  0.19   0.00  0.44 0.18  
 Soil NH4+ -0.59 -0.33 -0.03 -0.25 -0.51 0.12 0.02 
         
Spring / E. Sum.  
 Soil Temp. -0.76       
 CH4    0.25   0.05      
 CO2  -0.20   0.21 -0.50     
 N2O    0.63 -0.59  0.09 -0.14    
  NH3    0.01   0.02  0.13  0.09 0.12   
 Soil NO3-   0.05 -0.09  0.28 -0.25 0.44 0.14  
 Soil NH4+ -0.38   0.31  0.43 -0.26 0.05 0.22 0.63 
         

 

 

Table 2.5.  Forward stepwise regression model between CH4 removal and CO2 

emissions, water-filled pore space (WFPS), soil NH4+ (15 cm depth), soil temperature 
(5 cm depth), and N2O emissions. 
 Factors(s) Intercept Slope Adj. 

R2 
Fall     
  -12.4   
 CO2  -6.23e-4 0.568 
 CO2 + aWFPS 14.6 0.736 
    
Spring / E. Sum.    
      -45.7   
 CO2 -4.47e-4 0.24 
 CO2 + NH4+ 0.0737 0.36 
 CO2 + NH4+ + WFPS 42.4 0.42 
 CO2 + NH4+ + WFPS + bST 0.659 0.57 
 CO2 + NH4+ + WFPS + ST + N2O -2.68e-3 0.59 
Abbreviations: apercent water-filled pore space, bsoil temperature. 
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PRACTICAL IMPLICATIONS 

Farmers are not likely to change their N application timing based on reduced 

GHG emissions, but the results of this trial help us better understand a system.  In our 

study, we found that applying N fertilizer during early spring around the time of corn 

planting increased total CO2 emissions by 35%.  CO2 emissions were decreased by 19% 

when N application was delayed by three weeks until around the time of corn emergence 

(i.e. mid-spring).  Brugler et al. (2024) also reported that N fertilizer application timing 

impacted CO2 emissions.  In their study, they addressed many of this study’s limitations 

by: 1) applying a more-normal N rate for SD corn production (157 versus 200 kg N ha-1), 

2) including a split application (78.5 + 78.5 kg N ha-1), and 3) monitoring emissions for 

an entire growing season as opposed to just 21 days following application.  Their work 

was conducted on the same research farm on the same soil type.  In their findings, they 

reported no response in CO2 emissions to N fertilizer during 2021.  However, in 2022, 

CO2 emissions were increased by 548 and 348% in the single and split application 

Table 2.6.  Forward stepwise regression model between CO2 emissions and water-
filled pore space (WFPS), soil temperature (5 cm depth), and NH3 emissions. 
 Factors(s) Intercept Slope Adj. R2 
Fall    
  -6031   
 CH4  -982 0.57 
 CH4 + aWFPS 6890 0.71 
 CH4 + WFPS + bST 355 0.75 
 CH4 + WFPS + ST + NH3 330 0.77 
    
Spring / E. Sum.    
 Intercept -6434   
     CH4  -513 0.24 
 CH4 + aWFPS 11401 0.29 
 CH4 + WFPS + bST 510 0.32 
 CH4 + WFPS + ST + NH3 24.6 0.34 
Abbreviations: apercent water-filled pore space, bsoil temperature. 
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treatments (over no N), respectively.  Results of our study and that of Brugler et al. 

(2024) show that additional studies are needed to confirm whether N application can 

lower CO2 emissions at certain times of year.  It’s also likely that poorly drained soils and 

long-term no-till soils may have different results.   

In this study, we also found that the soil had net CH4 consumption during all 

times measured, but spring and early summer had 84% more CH4 consumption than fall 

and early winter.  However, the amount of CH4 consumed by the soil during spring/early 

summer only reduced total GHG emissions by 0.08% because CO2 made up 96.8% of the 

total GHG emissions.  It’s important to note that our study was conducted on bare soil 

without the addition of decomposing crop residues or growing plants.  On this same soil 

type on this same research farm, Clay et al. (2015) reported that decomposing corn 

residues can offset all CO2 emissions from a corn field during a growing season and add 

additional C to the soil.  In situations such as these, where all the annual CO2 emissions 

are negated by C sequestration, the remaining GHGs to account for are N2O and CH4.  

When this is the case, CH4 consumption becomes more relevant.  In North America, 

many farms have a corn and soybean annual crop rotation.  N fertilizer is rarely applied 

during the soybean year.  Our analysis suggests that in the soybean year, 9-10% of the 

N2O emissions could be offset by CH4 consumption during mid-spring and early summer 

(Table 2.3).  Therefore, CH4 consumption may be more important to GHG fluxes from 

croplands than others have recognized.  N fertilizer is normally applied during the corn 

growing year.  In this study, we found N fertilizer to reduce CH4 consumption by 20% 

when averaged across all application dates.       
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One cropping system where CH4 flux is not ignored is rice production.  In this 

system, the soil can be flooded for a portion of the growing season.   Weiler et al. (2018) 

reported that the DayCent model underestimated rice yield and overestimated CH4 flux 

by 0.43 kg/(ha day)-1.  Gou et al. (2023) had slightly different results and explained 

between 58 to 63% of the daily CH4 fluxes and reported that models could be improved 

by accounting for tillage changes.   

  To date, few mitigation strategies are available to reduce CH4 emissions by 

promoting CH4 consumption.  For example, table 8.3 in Smith et al. (2007) identified that 

in cropland mitigation, strategies and calculation approaches exist for rice production and 

that minimal strategies exist for integrating methane consumption into the CO2e values 

for agricultural products.  As shown by this research, when and how much N fertilizer is 

applied impacts the calculated values.  In animal agriculture, USDA is focused on 

reducing CH4 emissions by installing lagoon covers and/or anaerobic methane digesters 

that collect methane for use or destruction; installing solid separators that reduce 

methane-producing slurries; providing conservation assistance for transitions to 

alternative manure management systems, such as deep pits, composting, transitions to 

pasture, or other practices that have a lower greenhouse gas profile; and supporting rice 

management that reduces methane emissions, such as alternate wetting and drying.   

What is missing from IPCC and USDA is the acceptance that soil can help mitigate 

atmospheric CH4 (Smith et al., 2007; White House, 2021).  
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CHAPTER 3:  WINTER CEREAL RYE COVER CROP DECREASED NITROUS 
OXIDE EMISSIONS DURING EARLY SPRING 

Abstract 

Despite differences between the cover crop growth and decomposition phases, few 

greenhouse gas (GHG) studies have separated these phases from each other.  This study’s 

hypothesis was that a living cover crop reduces soil inorganic N concentrations and soil 

water, thereby reducing N2O emissions.  We quantified the effects of a fall-planted living 

cereal rye (Secale cereale) cover crop (2017, 2018, 2019) on the following spring’s soil 

temperature, soil water, water filled porosity (WFP), inorganic N, and GHG (N2O-N and 

CO2-C) emissions and compared these measurements to bare soil.  The experimental 

design was a randomized complete block, where years were treated as blocks.  Rye was 

fall planted in 2017, 2018, and 2019, but mostly emerged in the following spring.  GHG 

emissions were near-continuously measured from early spring through June.  Rye 

biomass was 1049, 428, and 2647 kg ha-1 in 2018, 2019, and 2020, respectively.  Rye 

reduced WFP in the surface 5 cm by 29, 15, and 26% in 2018, 2019, and 2020 and 

reduced soil NO3-N in surface 30 cm by 53% in 2019 (p = 0.04) and 65% in 2020 

(p=0.07), respectively.  Rye changed the N2O and CO2 frequency emission signatures.  It 

also reduced N2O emissions by 66% but did not influence CO2-C emissions during the 

period prior to corn seed emergence (VE).  After VE, rye and bare soils N2O emissions 

were similar.  These results suggest that to assess the influence of cover crops more 

precisely on seasonal N2O-N emissions, sampling protocols must account for early 

season impacts of the living cover.    

Abbreviations:  greenhouse gas, GHG; nitrous oxide, N2O-N; water-filled porosity, WFP; 

carbon dioxide, CO2; 
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INTRODUCTION 

Cover crops can have many positive effects on soil health (Smeltekop et al., 2002; 

SARE, 2007), and mixed impacts on GHG emissions (Basche et al., 2016; Ҫerҫioğlu et 

al., 2019; Antosh et al., 2020) and soil productivity (Bich et al., 2014; Reese et al., 2014).   

The mixed effect of cover crops on GHG emissions is difficult to assess because early 

season emissions are often under sampled and many experiments do not provide critical 

information, such as bulk density, NO3-N and NH4-N concentrations, and soil water 

contents (Mitchell et al., 2013; Ruis et al., 2018; Wegner et al., 2018; Sanz-Cobena, et al., 

2014; Abdalla et al., 2014).   

Interpreting conflicting results for land managers can result in mixed messages 

that slows conservation practice adoption (Wang et al., 2020).  We can start improving 

our understanding on how, when, and why cover crops affect N2O emissions by 

separating the growing season into two distinct phases, growth and decomposition. 

During cover crop growth, nutrients are scavenged from soil and water are transpired, 

whereas during decomposition, nutrients are returned, and the cover crop mulch can 

reduce evaporation.  The stark differences between growth and decomposition may 

partially explain the mixed impacts of cover crops on GHG emissions (Shan & Yan, 

2013; Seiz et al., 2019; Johnson & Barbour, 2019; Nielsen et al., 2015).  However, this 

explanation cannot be confirmed because little research has been conducted exclusively 

during the cover crop growth phase (Basche et al., 2017).  Therefore, this study 

quantified the influence of an unfertilized growing rye cover crop on soil temperatures, 

soil moisture, inorganic N, the N2O frequency emission signatures, and total N2O-N and 
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CO2-C emissions in a well-drained frigid soil from the start of growth in April/May 

through termination in late June. 

MATERIALS AND METHODS 

Experimental Design and Treatments 

Rye was planted in the fall of 2017, 2018, and 2019 in field studies conducted 

near Aurora, South Dakota (44o 18’ 20.57” N, 96o 40’ 14.04” W).  The site was located 

on the border between the Bsh (semi-arid) and DFa (continental wet all seasons) Köppen 

climate groups and the soil had a frigid temperature regime. The soil at the site was a 

Brandt silty clay loam (a fine-silty, mixed, superactive frigid Calcic Hapludoll), and the 

surface soil (15 cm) contained 280 g clay kg-1 (28%), 65 g silt kg-1 (65%), 7 g sand kg-1 

(7%), and 36 Mg ha-1 (1.8%) of soil organic carbon (SOC).  The no-tillage first-order rate 

constant and half-life of SOC for this soil were 0.00675 kg (kg-C × year)-1 and 103 years, 

respectively (Clay et al., 2015).  The soil pHwater 1:1 was 5.8, and the soil parent materials 

were loess (0- to 60-cm) over glacial outwash.  The surface soil hydraulic conductivity 

was 0.72 m d-1 and the slope was between 0 and 2%.  Additional information about the 

study site is available in Thies et al. (2020).  Rainfall was determined based on data 

collected at the site.  Our study was not irrigated and following cover crop seeding it was 

not cultivated.  Prior to the study, the long-term rotation was corn followed by soybeans 

(Glycine max).  

Four experimental units, each consisting of a PVC pipe covering 317 cm2, were 

driven into the soil to a depth of 14 cm with about 6.3 cm of the pipe extending above the 

soil surface.  The pipes were spaced about 1.5 m apart.  The surface 2.5 cm was 

cultivated in all four pipes and rye was hand-planted inside two of them chosen at 
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random at 56 kg ha-1 (39,500 seeds kg-1 or 220 seeds m-2) on October 20, 2017, October 

16, 2018, and October 23, 2019.  Planting depth was 2.5 cm.  Fertilizer was not applied, 

residue cover was minimal, and all soils were exposed to the prevailing climatic 

conditions.  Seed emergence was monitored in late November each year and 17, 15, and 

36% of the planted seeds emerged in 2017, 2018, and 2019, respectively.    

The following discussion is intended to provide a reference for the system that 

simulated GHG emissions prior to the emergence of the cash crop.  Because a cash crop 

was not seeded into the study area, the changes in GHG emissions and soil properties 

were attributed to rye.  In the region, corn is generally planted between the last week of 

April and the third week of May.  However, the date varies, and it is based on the frost-

free period, which is between May 13 and 14, soil temperatures, and moisture content.  

Cover crops and other weeds are generally killed prior to the critical weed free period of 

corn (from VE to V5).  However, in some situations, cover crop control may be delayed 

or not conducted if conditions are not conducive for planting the cash crop.  Under these 

conditions, the cover crop biomass can be harvested for other purposes.   

The cover crop growth period was separated into three sampling intervals (Table 

3.1).  At the end of each interval, the rye was clipped near the soil surface to allow the 

chamber lid to close and to simulate grazing.   During the first interval, rye emerged, and 

the interval ended prior to corn emergence (VE).  For most of the farmers in the region, 

the cover crop growth would be terminated at the completion of this interval.  Emergence 

dates were calculated by assuming the seed would not be planted until the risk of frost 

damage for corn was reduced (soil temperature > 10 C) and the soil moisture was less 

than 0.33 cm3 cm-3.  A formula from Nleya, Chungu, & Kleinjan (2016) was used to 
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calculate growing degree days (GDD) for corn (lower limit 10 and upper limit 30 oC).  

These authors also reported that approximately 51.7 GDD were needed for corn seeds to 

germinate and emerge. 

During the 2nd interval, the cover crops continued to grow and based on 

accumulated growing degree days, corn plants at the end of the 2nd interval would have 

been between the V2 to V3 growth stages.  In our region, cover crop growth through the 

2nd interval would be considered delayed control and may be suitable for crops that are 

seeded later than corn, such as soybeans.  The third interval ranged from V2 or V3 to V5 

or V6 and probably would not be part of a corn or soybean production system. 

 

 

Table 3.1.  The relationship between the experiment events 
and corn growth periods.  Clip 1 provides a reference for 
early season GHG emissions prior to corn emergence, 
whereas clips 2 and 3 provide a reference for delayed 
control, grazing or seeding. 
Year Reference period Events 2018 days of 

sampling 
2018 Start measurement 

 
7-May 

 

 Prior to VE  clip 1 25-May 18 
 VE to corn at V2 clip 2 15-Jun 21 
 V2 to V5  clip 3 3-Jul 18 
     
2019 Start measurement  26-Apr  
 Prior to VE  clip 1 13-May 17 
 VE to corn at V2 clip 2 29-May 16 
 V2 to V5  clip 3 24-Jun 26 
     
     
2020 Start measurement  8-Apr  
 Prior to VE  clip 1 4-May 30 
 VE to corn at V2 clip 2 31-May 27 
 V2 to V5  clip 3 26-Jun 26 
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Carbon Dioxide and Nitrous Oxide Emissions 

Greenhouse gas emissions measurements were initiated in the spring as soon as it 

was physically possible to set up measuring equipment in the field.   LI-COR LI-8100-

104 long-term opaque chambers (8100-104 LI-COR, Lincoln, NE) were used to measure 

emissions.  Each of the four chambers covered an area of 317 cm2.  Prior to sampling, the 

cover pivots over the PVC pipe, creating an enclosed volume.  Gas samples were 

collected for 15-minutes six times daily (between 0000 to 0230 h, 0400 to 0630 h, 0800 

to 1030 h, 1200 to 1430 h, 1600 to 1830 h, and 2000 to 2230 h).  At each gas sampling 

event, the chambers were sampled in a designated sequence, and corrections were applied 

to each individual chamber to account for air volume differences.  During the individual 

sampling event, the gas within the chamber was mixed with a pump, a vent was used to 

equalize the chamber and atmospheric pressures, and thermistor measured the air 

temperature.  

Gas drawn from the chamber was analyzed for N2O-N and CO2–C concentrations 

every second, for a total of 900 measurements, using a Picarro® Cavity Ringdown 

Spectrometer (model G2508; Picarro Inc., Santa Clara, CA).  Based on each chamber’s 

volume, N2O-N emissions were calculated with data obtained between 45 to 900 seconds, 

whereas CO2-C emissions were determined with data obtained between 45 and 165 

seconds, both using 4.01 LI-COR SoilFluxPro™ software (v. 4.01; LICOR, Lincoln, 

NE).  To assess accuracy, standard gases were used prior to and at the completion of all 

experiments.  Adjacent to the chambers in an identically treated area, soil moisture and 

temperatures for the surface 5 cm were measured using LI-COR LI-8150-205 Soil 
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Moisture Probes (LI-COR, Lincoln, NE) and LI-COR LI-8150-203 Soil Temperature 

Probes (LI-COR, Lincoln, NE), respectively.  

Emissions were measured from May 7 to July 3, 2018, April 25 to June 24, 2019, 

and from April 8, 2020 to June 26, 2020 (Table 3.1).  When rye reached a height of 15 

cm, plants were clipped to 3-cm height, which occurred three times each year.  At each 

clipping date, rye biomass was dried, weighed, ground, and analyzed for total N and C 

using a stable isotope C and N analyzer (Clay et al., 2015).   

Soil Sampling 

In 2018, 2019, and 2020 soil samples from the 0- to 15- and 15- to 30-cm soil 

depths were collected with a 2-cm diameter soil probe.  For each experimental unit, an 

area outside of the GHG chambers was sampled when GHG sampling was initiated 

(Table 3.1).  When the study was completed, soil samples from within the chambers at 

the same depths were collected.  Each composite sample consisted of eight soil cores that 

were frozen until analysis.  A subsample was analyzed for gravimetric moisture content 

by drying the soil samples to a constant weight at 105°C.  The bulk densities for the 0- to 

15- and 15- to 30- cm depths in 2018 were 1.33 and 1.32 g cm-3, respectively.  In 2019, 

the bulk densities for the 0- to 15- and 15- to 30- cm depths were 1.31 and 1.28 g cm-3.  

In 2020, the bulk densities for those same depths were 1.33 and 1.29 g cm-3.  Based on 

the measured bulk densities and volumetric moisture contents, the percent water filled 

porosities were determined.  This calculation assumed that the soil particle density was 

2.65 g cm-3.  Soil samples were dried at 40°C, ground (<2mm) and analyzed for NH4+-N 

and NO3-–N (Clay et al., 2015).   
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Statistical Analysis 

Based on N2O-N and CO2-C, 5400 measurements from each chamber over 24-

hour period daily emissions were determined.  Due the large number of measurements, 

we conducted an analysis to determine the replication requirements.  This analysis is 

available in Thies et al. (2019).  To demonstrate differences between the sampling 

systems we compared average daily emissions from samples collected between 9:30 and 

10:30 with near continuous measurement.  The variances, which were different at p < 

0.001 for near continuous measurement and point sampling between 9:30 and 10:30 AM 

were 0.00768 and 0.0227, respectively.  This analysis showed that the daily N2O-N 

variances were reduced 300% by converting from point to near continuous 

measurements.  If the replication requirement (n) was calculated with the equation, 

n=(4s2/B2), where s2 is the variance and B is the bound of the estimation error, then the 

measured variances decreases would have produced a corresponding decrease in the 

replication (n) requirement.  Based on this analysis, the experimental protocol used in this 

experiment was designed and tested (Thies et al., 2020).    

 The experimental model was a randomized block design, where the 3 years were 

treated as blocks.  Each treatment within a year was replicated twice.  Years (i.e. blocks) 

and cover crop treatments were fixed effects.  The model was years, treatments, and year 

by treatment interaction (R Core Team, 2023).  Our hypothesis was that the growing rye 

plant reduced soil moisture and N2O-N emissions and increased CO2-C emissions.   

 A fast Fourier transform (FFT) was conducted on soil temperatures, N2O-N, and 

CO2-C emission to determine the FFT frequency signatures (Klingenberg, 2005).  The 

FFT frequency signature is composed of frequencies each with a magnitude and is often 



43 
 

used to assist in interpreting repeating complex data sets (Brummell et al., 2014; Krijnen 

et al., 2013).  Each frequency represents a repeating function, and the magnitude provides 

information on the relative importance of that frequency.  Frequencies with larger 

magnitudes explain more of the variability.  To determine the relative importance of 

different frequency regions, the FFT were separated into two regions, 0.75 to 0.85 and 

0.98 to 1.01 cycles d-1. The average value of the magnitudes for the 0.75 to 0.85 cycles d-

1 was arbitrary and provided a benchmark for nondiurnal cycles and the average value of 

the magnitudes for the 0.99 to 1.01 cycles d-1 provided a reference for diurnal cycles.  

The averages and confidence intervals of the magnitudes within these frequencies were 

determined.   

RESULTS AND DISCUSSION 

Rye Biomass Production, Inorganic N, Precipitation, Moisture, and Temperature  

Rye biomass production was highest in 2020 and lowest in 2019 (Table 3.2).  The 

low 2019 yields were attributed to cool and wet conditions (25 GDD from April 26 to 

May 13) which hampered rye growth and development.  Because rye does not have 

ability to fix atmospheric N2, the N contained in the biomass was derived from N 

provided by the soil.    

In 2018, the initial NO3-N and NH4-N amounts in the surface 30 cm were 3.7 and 

6.68 ±0.57 mg ka-1, respectively, and when rye was terminated on July 3, 2018 the NO3-

N concentrations in the soil and rye treatments were similar but numerically lower in the  

rye (7.11 ±0.91 mg kg-1) than soil (9.03 ±2.94 mg kg-1) treatments.  At termination, the 

NH4-N concentrations in the soil and rye treatments were similar and the average 

concentration was 5.41 ±0.83 mg kg-1.  In 2019 when the experiment was initiated the 
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initial NO3-N concentration (April 26) was 14.3 ±7.3 and the initial NH4-N concentration 

was 20.3±4.75 mg kg-1.  When rye was terminated on June 24, 2019, the NO3-N 

concentration in the soil was 8.66 ±1.84 and it was 4.12 ± 0.26 mg kg-1 in the rye. 

However, rye did not influence the NH4-N concentrations and was 10.3 ±3.99 mg kg-1 in 

both treatments.  In 2020, the NO3-N and NH4-N concentrations in the surface 30 cm 

prior to the study were 6.25 ±1.22 and 43.6 ±21 mg kg-1, respectively.  When the 

experiment was terminated on June 26, 2020, NO3-N in the surface 30 cm was 7.11 ± 

1.95 in the soil and 2.5 ±1.56 mg kg-1 in the rye.  However, at termination rye did not 

influence NH4-N concentration and was 2.8 ±1.77 mg kg-1 in both treatments. 
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These findings show that large temporal changes in inorganic N occurred during 

the study.   In 2018, NH4-N were similar at the beginning and end of the study, whereas 

in 2019 NH4-N concentrations decreased from 20.3±4.75 to 10.3±3.99.  The largest 

decrease occurred in 2020 when NH4-N concentrations decreased from 43.6±21 to 

Table 3.2.  The total precipitation, rye biomass produced, and growing degree days 
(GDD) for each sampling interval, and average water filled porosity (WFP) of the bare 
soils and the rye cover crop during the sampling intervals in 2018, 2019, and 2020.   

Sampling 
intervals Prec. GDD Dry 

Rye 
C in 
Rye 

N in 
Rye 

Avg.     
WFP       
Bare             
Soil 

Avg.
WFP        
Rye 

2018 --cm-- C kg ha-1 kg ha-1 kg ha-1       cm3 cm-3 

May 7- May 25 2.6 132 279 120 12.2 0.74 0.60 

May 26-June 15 2.1 240 392 169 17.2 0.54 0.42 

June 16-July 3 10.3 225 378 163 16.6 0.74 0.52 

Total 15.0 597 1049 452 46   

2019        

April 26-May 13 7.1 25 106 47 4.4 0.524 0.583 

May 14-May 29 8.1 64 69 31 2.9 0.613 0.665 

May 30-June 24 5.4 232 253 112 10.5 0.511 0.435 

Total 20.6 321 428 190 17.7   

2020        

April 8 -May 4 0.5 78 951 385 32.0 0.441 0.248 

May 5 -May 29 8.5 112 883 358 29.7 0.595 0.439 

May 30-June 26 7.8 291 843 342 28.3 0.423 0.306 

Total 16.8 481 2677 1085 90   

Abbreviations: GDD – Growing Degree Days, BM – Biomass, Prec.- Precipitation, 
WFP – Water-filled porosity 
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2.82±1.75.  Decreases in NH4-N concentrations over the study were attributed to 

nitrification and plant uptake.  Nitrified N should have increased NO3-N concentrations 

during the study.  However, these increases would have been reduced by fixation, 

leaching, and plant uptake.  Lower NO3-N concentrations in the rye than soil treatments 

in 2019 and 2020 were attributed to plant uptake.  

Temporal changes in inorganic N concentration are important because N2O is 

emitted from nitrification and denitrification and the relationship between N additions 

and N2O-N emissions may follow an ‘S” shaped curve which can be mathematically 

described using a logistic model (Kim, Herandez-Ramirez, & Gilstrap, 2011).  Because 

rye utilized inorganic N, the effect of rye on N2O emissions may have partially resulted 

from changes in enzyme efficiencies.  The logistic model predicts that at low and high 

nitrate-N levels, small changes in nitrate can have a minimal impact on N2O-N emissions.  

The predication for low N levels, is attributed to increased efficiency of nitrous oxide 

reductase (more of the N2O is further reduced to N2).  Thomas et al. (2017) suggested that 

N2O-N emissions are reduced when NO3-N level decrease below 6 ppm, and Millar et al. 

(2010) reported that a nonlinear relationship exists between N2O-N emissions and N rate.  

The predication for high N levels is attributed to respiration being carbon limited as 

opposed to N limited.  This hypothesis is supported by Weier et al. (1993), who showed 

that in carbon limited systems, adding additional N will not increase denitrification.  

Blackmer & Bremner, (1978, 1979) also showed that denitrification efficiency is 

influenced by NO3-N.  Findings from Senbayram et al. (2011) also showed denitrification 

can be limited by carbon availability.  However, not all experiments follow the logistic 
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model (Eagle et al., 2017).  Regardless of the model, logistic, exponential, or linear all 

models predict that decreasing the N rate reduces N2O-N emissions.   

Soil moisture and precipitation also should be considered when evaluating GHG 

emissions because as soil pores fill with water, oxygen flux into the soil decreases.  

Decreases in the oxygen flux can result in soil microbial communities that switch from 

aerobic to anaerobic respiration (Linn & Doran, 1984).   

During the experiment, soil moisture was not constant and generally decreased 

between precipitation events.  This decrease was attributed to drainage and 

evapotranspiration.  For example, across years changes in soil moisture [d(soil moisture)] 

during the experiments could be explained by the equation, d(soil moisture) = -

0.0116+0.0004×rye biomass (kg/ha), r=0.79, p<0.01).  Following precipitation soil 

moisture increased rapidly.  In all three years there were intervals where the water filled 

porosity was greater than 60%.  This value is the tipping point where Lynn & Doran 

(1984) reported respiration switch from aerobic to anaerobic.  In 2018, between May 7 

and 25 and between June 16 and 26 the WFP in the bare soil generally exceeded the 60% 

water-filled porosity (Table 3.2, Supplementary Table 1).  However, rye reduced the 

WFP for these sampling intervals.  In 2019, due to high rainfall, rye had a minimal effect 

on WFP between April 26 and May 29 (Supplementary Table 1 and 2).  However, as the 

season progressed and cover crop growth increased, soil moisture contents decreased at a 

rate 2.8 times faster than bare soil (Figure 3.1).  In 2020, the cover crop had lower WFP 

for all periods when compared with bare soil.  These results were attributed to high 

biomass production and transpiration, especially from May 30 to June 26.  
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The soil temperature in the surface 5 cm differed among years, and it was 

generally lower in 2019 than 2018 or 2020 (Supplementary Table 2).  Across years, the 

rye and bare soil treatments had similar soil temperatures.  However, differences were 

observed at selected times.  For example, between April 26 and May 13 in 2019 at 1000 

and 1400 h, the soil temperatures in the rye treatment were generally higher than the bare 

soil, whereas in 2020 between May 30 and June 26 soil temperatures were cooler in the 

rye the bare soil.  Temperature changes are important when evaluating GHG emissions 
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Figure 3.1.  Soil moisture depletion in the surface 5 cm of soil between May 26 (146 
day of the year) and June 11 (162 day of the year) in 2019.  The rate of water loss 
[(cm3 (cm3 x d)-1 are shown from the bare soil and rye cover crop treatments.  CI 
represents 95% confidence interval. 
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because it influences gas solubility, equilibrium relationships, microbial activity, and 

plant growth.   

Nitrous oxide and carbon dioxide frequency emissions signatures 

To determine if N2O-N fluxes followed a predictable pattern, we conducted an FFT, 

which converts time domain data into the frequency domain.  The transformation results 

in a series of frequencies and associated magnitudes (Figures 3.2, 3.3, 3.4).  

 

 

Figure 3.2.  The 2018 N2O emissions (top) and frequency emission signatures 
(bottom) for the rye and bare soil treatments. For the frequency data, the magnitude 
is on the y-axis and the frequency is on the x-axis.    
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The size of the magnitude provides an assessment of the importance of each frequency. 

Across all three years, rye reduced the magnitudes 80% for the frequencies between 0.98 

to 1.01 cycle’s day-1 and 42% for the frequencies between 0.75 to 0.85 cycle’s day-1 

(Table 3.3).  In addition, across years, rye reduced the ratio 66% between the non-diurnal 

period (0.75 and 0.85) and the diurnal (0.98 and 1.01 cycles d-1) period.   
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Figure 3.3. The 2019 N2O emissions (top) and frequency emission signatures 
(bottom) for the rye and bare soil treatments. For the frequency data, the magnitude 
is on the y-axis and the frequency is on the x-axis. 
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The larger ratio for bare soil (2.9) than rye (0.95) indicates that bare soil had a stronger 

diurnal cycle for emissions than rye. We attributed these results to cover crop-induced 

differences in soil physical, chemical, and biological properties that were previously 

discussed.  Others have seen similar responses.  For example, Shurpali et al. (2016) 

reported that when N2O flux was low and the plant was N limited, the N2O emission 

pattern switched, with emissions being higher during the night than day.  This change in 

 

Figure 3.4.  The 2020 N2O emissions (top) and frequency emission signature 
(bottom) for the rye and bare soil treatments.   For the frequency data, the 
magnitude is on the y-axis and the frequency is on the x-axis. 
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FFT signature has implications on the sampling requirement and suggests that near-

continue sampling may be required for precise and accurate measurement.   

Rye had a mixed effect on the FFT CO2-C emission signatures.  For the non-

diurnal benchmark (frequencies between 0.75 and 0.85 cycle d-1) rye increased the 

magnitudes in 2020, reduced the magnitudes in 2019 and did not influence the 

magnitudes in 2018 when compared with the soil treatment.  However, for the diurnal 

frequencies (between 0.98 to 1.01 cycles d-1) rye either increased or did not influence the  

magnitudes.  Across the three years, the ratio between two frequency periods was 2.61 

for soil and 3.63 for rye.  These values suggest that rye increased the importance of the 

CO2-C diurnal cycle.   

Table 3.3.  Analysis of the N2O-N and CO2-C frequency signatures.  The average 
magnitudes for two frequency ranges (0.75 to 0.85 and 0.99 to 1.01 cycles day-1) and 
the ratio between these magnitudes for the bare soil and rye treatments in 2018, 2019, 
and 2020. Confidence intervals for the 90% level are shown. 

    N2O-N Frequency     CO2-C Frequency   

Year Trt. 0.75             
-0.85 

0.98            
-1.01 Ratio   0.75-

0.85 
0.98 - 
1.01 Ratio 

    
g N2O-N/ 

  
 g CO2-C/ 

  
(ha×h)  (ha×h) 

2018 Soil 0.01 0.031 2.82  29.8 99.4 3.34 

2018 Rye 0.0031 0.0025 0.81  27.9 159.0 5.7 

2019 Soil 0.0071 0.0310 4.36  20.3 70.4 3.47 

2019 Rye 0.0057 0.0081 1.39  38.5 132.2 3.43 

2020 Soil 0.00935 0.0143 1.53  82.5 85.3 1.03 

2020 Rye 0.0065 0.00440 0.67   67.2 118 1.76 
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Vegetative rye impact on early season N2O-N flux and total emissions  

Across the three years, rye reduced N2O-N emissions (p= 0.05) by 66% during the 

first sampling interval (Table 3.4).  These results were attributed to rye scavenging the 

soil for inorganic N and water (Linn & Doran, 1984; Del Grosso et al., 2000; Kallenback 

et al., 2010; Thies et al., 2020).  However, contrary to the first sampling interval, rye did 

not affect emissions during the 2nd and 3rd sampling intervals.   The temporal effect of rye 

on N2O-N emissions could be attributed to treatment differences in the amount of NH4-N 

that was nitrification and NO3-N that was denitrified and that relationship between N2O-

N emissions and NO3-N concentration most likely followed a logistic model (Kim et al., 

2011).   

Across the sampling intervals, the highest emissions were observed during the 

first period.  Higher emissions in the early spring could be the results of soil freezing–that 

lyses microbial cells releasing labile organic compounds into the soil solution. These 

compounds when mineralized result in CO2–C emissions and higher soil NH4–N 

concentration in the soil solution, which is subsequently reduced to NO3–N and 

susceptible to denitrification.  Increasing soil temperatures during the spring may have 

also released N2O during soil thawing (Wegner-Riddle et al., 2017).  Our findings differ 

from Ruis et al. (2018), where rye had a minimal impact on N2O-N emissions.  

Differences between Ruis, et al. (2018) and our study were attributed to four factors.   

First, Ruis, et al. (2018) sampled their system 14 times from late April 2018 to June 2019 

and collected point samples from the treatments biweekly between 1000 and 1400 h.  In 

comparison, we measured emissions over 1100 times over three years.  Second, Ruis et 

al. (2018) applied N fertilizer, whereas in our study N was not applied.  As discussed 
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earlier, the application of N fertilizer may have placed Ruis et al. (2018) in the high 

emissions portion of S-Curve where the amount of N uptake up by the cover crop wasn’t 

enough to affect N2O-N emissions.  Third, Ruis et al. (2018) reported that in a dryland 

system, the cover crop had a minimal impact on soil moisture, whereas in our rye reduced 

soil moisture.  Fourth, Ruis et al. (2018) reported that between March 6 and April 25 an 

N2O-N flush was not observed and changes in soil inorganic N were not reported.  

Whereas, in our study, rye reduced N2O-N emissions during the first sampling period in 

all three years. 

Vegetative rye impact on early season CO2-C flux and total emission 

For CO2-C emissions, the soil and rye treatments had diurnal cycles in 2018, 

2019, and 2020 (Table 3.3).  The diurnal CO2-C cycles were attributed to diurnal 

temperature cycles which influenced CO2 water solubility and microbial activity.  In 

2018, CO2-C emission rates were not constant during the study and increased at a rate 

14.6 g CO2-C ±3.1 (ha × h × d)-1) in the bare soil and 26.6 ±3.5 g CO2-C (ha × h × d)-1) in 

the cover crop.  Across years, rye only increased CO2-C emissions in 2019.  The higher 

rate in rye was attributed to the increased importance of non-heterotrophic respiration.   

SUMMARY 

In this experiment, the impact of an unfertilized growing cover crop on soil moisture, 

inorganic N, and GHG emissions and frequency signatures were investigated.  Our 

research showed that when compared to bare soil, rye reduced the surface soil WFP 29, 

15, and 26% in 2018, 2019, and 2020, respectively.  Rye also reduced the NO3–N 

concentration in surface 30 cm of soil by 52 and 64% in 2019 and 2020, respectively.  

Associated with these reductions was a 66% decrease in N2O-N emissions for the first 
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sampling period across years.  The study also showed that the cover crop changed the 

N2O-N and CO2–C FFT emission signatures which could complicate the interpretation of 

a single sample collected at a prescribed time every 2 wk.  In addition, during the cover 

crop first sampling period, N2O emissions were consistently reduced, whereas during the 

second and third sampling interval the cover crop did not influence emissions. Temporal 

changes on cover crop induced differences in N2O may be related to changes in the 

inorganic N during the study.  Rye induced changes in soil nitrate are important because 

N additions (NO3–N) and N2O-N emissions may follow a logistic model.  This model 

predicts that at low N and high N levels, changes in the NO3–N concentration may result 

in minimal changes in N2O-N emissions.  However, at moderate N levels, N2O emissions 

increase exponentially with increasing N.  Nitrified N should have increased NO3–N 

concentrations during the study.  However, large increases in NO3–N were not observed 

and generally NO3–N concentrations were relatively low in this unfertilized soil. In 2018, 

NO3–N increased from 3.7 to 9.03 mg kg−1 in the soil and 7.11 mg kg−1 in the rye 

treatment.  In 2019, NO3–N concentrations decreased from 14.3 mg kg−1 at the start of 

the experiment to 8.66 mg kg−1 in the soil treatment and 4.1 mg kg−1 in the rye treatment 

during the study.  Slightly different results were observed in 2020 where NO3–N at 

initiation was 6.25 mg kg−1 and at termination it was 7.11 in the soil and 2.5 mg kg−1 in 

the rye treatments.  Our findings support the hypothesis that N2O emissions would be 

reduced during cover crop growth. Additional research is needed to confirm these results 

over a range of environments and NO3–N concentrations. For this experiment, additional 

information on the impact of cover crop on corn growth is available in Moriles-Miller et 
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al. (2024) and the effect of the decomposing cover crop on GHG emissions are available 

in Joshi et al. (2022).  
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Table 3.4.  Greenhouse gas emissions from bare soil and soil with a living rye 
cover crop during the first, second, and third runs of each year. 

  CO2 N2O †CH4 
  ---------------g CO2e/(ha d)--------------- 
First Run    
Soil May 7 – May 25, 2018 105458 4213 -44.2 

 Apr. 26 – May 13, 2019 43040 1670 -72.2 
 Apr. 8 – May 4, 2020 36850 1920 232.9 
 mean 61783 2601 38.8 
     

Rye May 7 – May 25, 2018 91941 1430 -252.9 
 Apr. 26 – May 13, 2019 35714 919 -177.4 
 Apr. 8 – May 4, 2020 61099 1301     43.5 
 mean 62918 1217 -128.9 
 p-value 0.47 0.09  
     

Second 
Run 

    

Soil May 26 – June 15, 2018 108315 713 -108.1 
 May 14 – May 29, 2019 71905 1872 -58.7 
 May 5 – May 29, 2020 50110 1314 158.3 
 mean 76776 1300 -2.8 
     

Rye May 26 – June 15, 2018 140952 507 -133.7 
 May 14 – May 29, 2019 77253 790 -62.0 
 May 5 – May 29, 2020 68132 1194 49.5 
 mean 95446 830 -48.7 
 p-value 0.07 0.13  
     

Third Run     
Soil Jun. 16 – Jul. 3, 2018 153337 919 -58.5 

 May 30 – Jun. 24, 2019 51905 940 -29.2 
 May 30 – Jun. 26, 2020 141538 1391 -176.3 
 mean 115593 1084 -88.0 
     

Rye Jun. 16 – Jul. 3, 2018 153846 825 -150.2 
 May 30 – Jun. 24, 2019 123406 404 -90.6 
 May 30 – Jun. 26, 2020 146667 1190 -190.5 
 mean 141306 806 -143.8 

 p-value 0.19 0.09  
†CH4 values originally reported in Pandit et al. (2024).   
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Table 3.5.  Soil NH4-N and NO3-N in the surface 30 cm at the start and at the end of 
the experiment for each year.    

 -------------bare soil--------  -------------rye------------- 

Sampling 
Date 

NH4-N NO3-N  NH4-N NO3-N 

 -------------------------------------kg N ha-1--------------------------------- 

5/7/18 6.68 ±0.57 3.7    

7/3/18 5.41 ±0.83 9.03 ±2.94  5.41 ±0.83 7.11 ±0.91 
 

     

4/26/19 20.3±4.75 14.3 ±7.3    

6/24/19 10.3 ±3.99 8.66 ±1.84  10.3 ±3.99 4.12 ± 0.26 
 

     

4/8/20 43.6 ±21 6.25 ±1.22    

6/26/20 2.8 ±1.77 7.11 ± 1.95  2.8 ±1.77 2.5 ±1.56 
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CHAPTER 4:  SUMMARY OF DISSERTATION 

There are many ways for agriculture to reduce its GHG emissions and still 

maintain high levels of productivity.  The two studies in this document showed that 

growing a cereal rye cover crop during the spring prior to growing cash crops and/or 

adjusting N fertilizer application timing can help achieve those goals.  In the first study, 

urea was applied (0 or 224 kg N ha-1) at three different timings starting in the fall of 2017 

(early fall, mid-fall, and early winter) and at three different timings starting in the spring 

of 2018 (early spring, mid-spring, and early summer).  GHG emissions were measured 

every 4 h for 21 d after each application.  A significant interaction between N fertilizer 

and its application date occurred for CO2 emissions (p=0.01).  The early spring 

application (5/1/18), which would normally be around corn planting, increased CO2 

emissions by 35% during the 21 d interval following application.  When application was 

delayed until mid-spring, the opposite occurred, and CO2 emissions were reduced by 19% 

(p=0.06).  This trend continued into early summer, where CO2 emissions of N fertilized 

soil were 23% less than those of unfertilized soil. 

A significant N fertilizer x application date interaction also occurred for the 

percentage of N2O emissions offset by CH4 consumption (p=0.01).  During mid-spring 

and early summer, CH4 consumption offset N2O emissions by 9.6% when N fertilizer 

wasn’t applied and by 3.1% when fertilizer was applied.  This offset between the 

fertilized and unfertilized treatment wasn’t significantly different for the other 

applications timings and was only 0.9 and 2.3% during early fall and early spring, 

respectively.   
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When averaged across application dates, N fertilization reduced CH4 consumption 

by 20%.  Despite this, the soil still had net CH4 consumption (not emissions) regardless 

of N fertilization or application timing.  CH4 consumption was 85% greater during spring 

and early summer (5/1/18 – 7/4/18) than during fall through early winter (9/21/17 – 

11/14/17).  When averaged across N fertilized (corn) and non-fertilized (soybeans) soils, 

CH4 consumption offset N2O emissions by an average of 6.4%, which is an important 

finding considering that agriculture is the largest contributor to N2O emissions.   

The results from the cereal rye cover crop study and the N fertilizer timing study 

had a common theme in that early spring was the best timeframe for potential GHG 

reductions.  Over three years (2018-2020), a fall dormant seeded cereal rye cover crop 

produced an average biomass yield of 445 kg ha-1 during the first three weeks of spring 

growth.  This amount of biomass reduced N2O emissions by 53% compared to soil 

without a cover crop.  Also important, the early spring cover crop did not increase CO2 or 

total GHG emissions. Terminating the cover crop at this time would typically align with a 

period between corn planting and emergence.  At the end of the early spring growth 

period, the cover crop was clipped near the soil surface and allowed to grow an additional 

three weeks, which was classified as the mid-spring growing period.  Termination 

following mid-spring simulates a cover crop termination between soybean planting and 

emergence.  This extended period of cover crop growth did not reduce N20 emissions and 

actually increased CO2 emissions by 20%.  Our research showed that when compared to 

bare soil, rye reduced the surface soil WFPS by 29, 15, and 26% in 2018, 2019, and 

2020, respectively.  Rye also reduced the NO3-N concentration in surface 30-cm of soil 

by 52 and 64% in 2019 and 2020, respectively.   The study also showed that the cover 
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crop changed the N2O-N and CO2-C FFT emission signatures which could complicate the 

interpretation of a single sample collected at a prescribed time every two weeks.  Our 

findings support the hypothesis that N2O emissions would be reduced during cover crop 

growth. 

The results of both studies indicate that early spring management could have a 

large impact in reducing GHG emissions.  Delaying N fertilization application by three 

weeks from early May to mid-May did not increase overall GHG emissions.  This would 

be from delaying the application from around the time of corn planting to around the time 

of emergence.  The cereal rye cover crop reduced total GHG emissions, but only by 

2.2%.  Perhaps more important are the substantial reductions in N2O emissions and in soil 

moisture levels that a cereal rye cover crop can provide.   

Future Recommendations 

Future work should combine these two studies to evaluate the impact of growing 

a cereal rye cover crop during early spring followed by a mid-spring N fertilizer 

application to compare GHG emissions relative to the more-common practice of applying 

N fertilizer around the time of corn planting in early spring without growing a cover crop.  

Since a maximum of four treatments is attainable with the current GHG measuring 

system, the following treatments would be of greatest interest: 1) an untreated control, 2) 

N fertilizer applied during early spring, 3) N fertilizer applied during mid-spring, and 4) a 

cereal rye cover crop grown during early spring and with N applied during mid-spring 

following termination.  Applying a lower rate of N fertilizer would also be beneficial, as 

the rate applied in the N fertilizer application trial was about 50% higher than a farmer 

would apply to corn in a corn/soybean rotation.  The urea should also be treated with a 
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urease inhibitor to minimize volatilization losses.  In addition, conducting such a trial 

within a corn and/or soybean field would also better-simulate a production setting due to 

the soil moisture reductions and N fertilizer uptake by the cash crops.    
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Supplementary Table 1. The average volumetric soil moisture (cm3 cm-3) during 
three sampling intervals and six sampling times over a 24-hour period in 2018, 2019, 
and 2020 

2018 May 7 - May 25 
 

May 26 - June 15 
 

June 16 – July 3 

Time Soil  Rye  p-
value 

 
Soil Rye p-value 

 
Soil  Rye p-

value 

h --cm3/cm3--  
 

---cm3/cm3---  
 

---cm3/cm3--  

200 0.3
 

0.31 <0.01  0.26 0.21 0.02 
 

 0.3
 

0.26 <0.01 
600 0.3

 
0.31 <0.01  0.26 0.21 0.008 

 
 0.3

 
0.27 <0.01 

1000 0.3
 

0.31 <0.01  0.26 0.21 0.007 
 

 0.3
 

0.26 <0.01 
1400 0.3

 
0.31 <0.01  0.27 0.21 0.002 

 
 0.3

 
0.26 <0.01 

1800 0.3
 

0.31 <0.01  0.27 0.2 <0.01  0.3
 

0.25 <0.01 
2200 0.3

 
0.31 <0.01  0.27 0.2 0.001 

 
 0.3

 
0.25 <0.01 

Avg. 0.3
 

0.31 <0.01   0.27 0.21 <0.001   0.3
 

0.26 <0.01 
2019 April 26 - May 13 

 
May 14 - May 29 

 
May 30 - June 24 

  Soil  Rye  p-
value 

 
Soil Rye p-value 

 
Soil  Rye p-

value 

200 0.2
 

0.29 0.24 
 

 0.3 0.32 0.099 
 

 0.2
 

0.21 0.16 
 600 0.2

 
0.30 

 
0.16 

 
 0.32 0.34 0.98 

 
 0.2

 
0.21 0.08 

 1000 0.2
 

0.3 0.16 
 

 0.31 0.34 0.89 
 

 0.2
 

0.22 0.15 
 1400 0.2

 
0.3 0.12 

 
 0.31 0.33 0.90 

 
 0.2

 
0.23 0.35 

 1800 0.2
 

0.28 0.16 
 

 0.29 0.32 0.90 
 

 0.2
 

0.22 0.17 
 2200 0.2

 
0.29 0.15 

 
 0.3 0.33 0.93 

 
 0.2

 
0.22 0.26 

 Avg. 0.2
 

0.29 <0.01   0.31 0.33 0.001   0.2
 

0.22 <0.00
 2020 April 8 - May 4 

 
May 5 - May 30 

 
May 30 - June 26 

  Soil  Rye  p-val. 
 

Soil Rye p-val. 
 

Soil  Rye p-val. 

200 0.2
 

0.13 
 

0.04 
 

 0.3 0.22 0.08  0.1
 

0.15 0.27 
600 0.2

 
0.12 0.05  0.3 0.22 0.07 

 
 0.1

 
0.15 0.28 

 1000 0.2
 

0.11 0.04 
 

 0.31 0.23 0.08  0.2 0.16 0.26 
 1400 0.2

 
0.13 0.04 

 
 0.31 0.23 0.08  0.2 0.16 0.25 

 1800 0.2
 

0.13 0.03  0.3 0.22 0.08 
 

 0.1
 

0.14 0.03 
 2200 0.2

 
0.13 0.04 

 
 0.3 0.22 0.08 

 
 0.2

 
0.16 0.18 

Avg.  0.2
 

0.13 <0.01   0.3 0.22 <0.01   0.1
 

0.15 <0.01 
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Supplementary Table 2: Average soil temperatures (oC) for the surface 5 cm for the 
three sampling intervals in the bare soil and rye cover crop treatments in 2018, 2019, 
and 2020. 

2018 May 7 – May 25   May 26 – June 15   June 16 – July 3 

 Time  Soil  Rye  p-val. 
 

Soil Rye p-val. 
 

Soil  Rye p-val. 

h oC oC  
 

oC oC  
 

oC oC  

200 14.7 14.7 0.97 
 

 20.9 20.2 0.29 
 

 20.9 20.9 0.91 
 600 13.1 13.2 0.92  19.2 18.5 0.27 

 
 20.2 20 0.74 

1000 12.5 15 0.04 
 

 18.7 21.4 <0.01  19.8 20.8 0.08 
1400 16.0 19.4 0.04  22.2 26.5 <0.01  21 23.5 <0.01 
1800 19.0 20.3 0.46 

 
 25.4 25.9 0.82 

 
 22.8 24.1 0.09 

2200 17.5 17 0.76 
 

 23.7 22.8 0.25 
 

 22.1 22.2 0.87 
Avg. 15.5 16.6 0.48   21.7 22.6 

 
0.62   21.1 21.9 0.36 

       

2019 April 26 – May 13 
 

May 14 – May 29 
 

May 30 – June 24 

  Soil  Rye  p-val.   Soil Rye p-val.   Soil  Rye p-val. 

200 6.5 6.5 0.93 
 

 11.5 11.3 0.83 
 

 14.3 17.7 <0.01 
600 5.3 5.5 0.89 

 
 10.5 10.3 0.89 

 
 13.9 16.3 <0.01 

1000 5.6 7.1 0.07 
 

 10.6 11.9 0.64 
 

 17.7 17.9 0.62 
 1400 10.8 11.1 0.82 

 
 14.4 15.7 0.41 

 
 21.1 22.3 0.22 

 1800 12.2 11.3 0.50 
 

 15.9 16 0.61 
 

 20.5 23.2 <0.01 
 2200 9.3 8.7 0.56 

 
 13.6 13.1 0.78 

 
 16.3 20 <0.01 

Avg. 8.3 8.4 0.96   12.8 
 

13.1 0.83 
 

  17.3 19.6 0.21 
      

2020 April 8 - May 4 
 

May 5 - May 29 
 

May 30 - June 26 

  Soil  Rye  p-val. 
 

Soil Rye p-val. 
 

Soil  Rye p-val. 

200 6.6 6.6 0.98  10.1 10.6 0.27  18.9 18.7 0.60 
600 5.2 5.2 0.95  10.7 9.7 0.57  18.0 17.6 0.53 
1000 7.3 6.8 0.71  14.1 11.2 0.18  20.2 19.6 0.50 
1400 14.6 13.0 0.49  16.7 15.1 0.58  18.0 17.6 0.53 
1800 15.0 13.1 0.15  15.2 14.6 0.87  25.1 22.5 0.24 
2200 9.7 9.0 0.26  11.9 12.6 0.54  21.0 20.8 0.82 
Avg.  9.7 8.95 0.22  13.2 12.3 0.34  20.2 19.5 0.05 



65 
 

 
 
 
Supplementary Figure 1.  A graphical depiction of the CH4 emission data collected 
during fall and early winter of 2017 from the Urea Application Timing Study (Chapter 2).  
Urea was applied on the first date of each season, which were early fall (Sept. 21 – Oct. 
11), mid-fall (Oct. 11 – Nov. 1), and early winter (Nov. 1 – Nov. 15).  Each CH4 
datapoint is an average of the four LI-COR chambers from a given daily sampling period 
(i.e. from 0000 to 0230 h). There were six sampling periods per day. 
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Supplementary Figure 2.  A graphical depiction of the CH4 emission data collected 
during spring and early summer of 2018 from the Urea Application Timing Study 
(Chapter 2).  Urea was applied on the first date of each season, which were early spring 
(May 1 – May 22), mid-spring (May 22 - Jun. 12), and early summer (Jun. 12 – Jul. 4).  
Each CH4 datapoint is an average of the four LI-COR chambers from a given daily 
sampling period (i.e. from 0000 to 0230 h). There were six sampling periods per day. 
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