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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 concentra-

tions and soil water, thereby reducing N2O emissions. We quantified the effects of

a fall-planted living cereal rye (Secale cereale L.) 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 mea-

surements 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 the following spring. The GHG emissions were near-continuously

measured from early spring through June. Rye biomass was 1,049, 428, and 2,647 kg

ha–1 in 2018, 2019, and 2020, respectively. Compared to the bare soil, 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 = .04) and 65% in 2020 (p = .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 (Zea mays L.) emergence (VE). After VE, rye and bare soils N2O

emissions were similar. These results suggest that nitrous oxide (N2O-N) sampling

protocols must account for early season impacts of the living cover.

1 INTRODUCTION

Cover crops can have many positive effects on soil health

(SARE, 2007; Smeltekop et al., 2002), and mixed impacts

on greenhouse gas (GHG) emissions (Antosh et al., 2020;

Basche et al., 2016; Çerçioğlu et al., 2019) and soil productiv-

ity (Bich et al., 2014; Reese et al., 2014). The mixed effect of

Abbreviations: CO2, carbon dioxide; FFT, fast Fourier transform; GHG,

greenhouse gas; N2O-N, nitrous oxide; WFP, water-filled porosity.
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cover crops on GHG emissions is difficult to assess because

early-season emissions are often undersampled and many

experiments do not provide critical information, such as bulk

density, NO3–N and NH4–N concentrations, and soil water

contents (Abdalla, et al., 2014; Mitchell et al., 2013; Ruis

et al., 2018; Sanz-Cobena et al., 2014; Wegner, et al., 2018).

Interpreting conflicting results can result in mixed mes-

sages that slows conservation practice adoption (Wang et al.,

2020). To reduce this barrier, we need to improve our
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understanding of the cover crop system. One approach to

accomplish this goal is to separate the growing season into two

distinct phases, growth and decomposition. During cover crop

growth, nutrients are scavenged from soil and water is tran-

spired, 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

(Johnson & Barbour, 2019; Nielsen et al., 2015; Seiz et al.,

2019; Shan & Yan, 2013). However, this explanation can-

not be confirmed because little research has been conducted

exclusively during the cover crop growth phase (Basche et al.,

2014; Han et al., 2017). Therefore, this study quantified the

influence of an unfertilized growing rye (Secale cereale L.)

cover crop on soil temperatures, soil moisture, inorganic N,

the N2O frequency emission signatures, and total nitrous

oxide (N2O-N) and CO2–C emissions in a well-drained frigid

soil from the start of growth in April/May through termination

in late June.

2 MATERIALS AND METHODS

2.1 Experimental design and treatments

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

field studies conducted near Aurora, SD (44o18′20.57″ N,

96o40′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 (fine-

silty, mixed, superactive frigid Calcic Hapludoll), and the sur-

face 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 con-

stant and half-life of SOC for this soil were 0.00675 kg (kg C×
year)−1 and 103 yr, respectively (Clay et al., 2015). The soil

pHwater 1:1 was 5.8, and the soil parent materials were loess

(0–60 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 (Zea mays L.) followed by soy-

bean [Glycine max (L.) Merr.].

Four experimental units, each consisting of a PVC pipe cov-

ering 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 sur-

face. 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 random at 56 kg ha−1

(39,500 seeds kg−1 or 220 seeds m−2) on 20 Oct. 2017, 16

Core Ideas
∙ Rye reduced N2O-N emissions 66% during the

period prior to corn emergence.

∙ Nitrous oxide emission reductions were attributed

to a decrease in soil water and inorganic N.

∙ Rye changed the N2O-N and CO2–C frequency

emissions signatures.

∙ These findings show that sampling protocols must

account for early season growth.

Oct. 2018, and 23 Oct. 2019. Planting depth was 2.5 cm. Fer-

tilizer 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 refer-

ence 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

3rd week of May. However, the date varies, and it is based

on the last day of expected frost, which is between 13 and 14

May, 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 condi-

tions 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 sam-

pling intervals (Table 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

<0.33 cm3 cm−3. A formula from Nleya et al. (2016) was used

to calculate growing degree days (GDD) for corn (lower limit

10 and upper limit 30 ˚C). These authors also reported that

approximately 51.7 GDD were needed for corn seeds to ger-

minate and emerge.

During the second interval, the cover crops continued to

grow and based on accumulated GDD, corn plants at the end

of the second interval would have been between the V2 and
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T A B L E 1 The relationship between the experiment events and corn growth periods. Clip 1 provides a reference for early season greenhouse gas

emissions prior to corn emergence, whereas clips 2 and 3 provide a reference for delayed control, grazing, or seeding

Reference period Events 2018
Days of
sampling 2019

Days of
sampling 2020

Days of
sampling

Start measurement 7 May 26 Apr. 8 Apr.

Prior to VE clip 1 25 May 18 13 May 17 4 May 26

VE to corn at V2 clip 2 15 June 21 29 May 16 29 May 25

V2–V5 clip 3 3 July 18 24 June 26 26 June 28

V3 growth stages. In our region, cover crop growth through

the second interval would be considered delayed control and

may be suitable for crops that are seeded later than corn, such

as soybean. 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.

2.2 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 measur-

ing equipment in the field. LI-COR LI-8100-104 long-term

opaque chambers (8100-104 LI-COR) were used to measure

emissions. Each of the four chambers covered an area of 317

cm2. Prior to sampling, the cover pivoted over the PVC pipe,

creating an enclosed volume. Gas samples were collected for

15-min six times daily (between 0000 and 0230 h, 0400 and

0630 h, 0800 and 1030 h, 1200 and 1430 h, 1600 and 1830 h,

and 2000 and 2230 h). At each gas sampling event, the cham-

bers 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 mea-

surements, using a Picarro Cavity Ringdown Spectrometer

(model G2508; Picarro Inc.). Based on each chamber’s vol-

ume, N2O-N emissions were calculated with data obtained

between 45 and 900 s, whereas CO2–C emissions were deter-

mined with data obtained between 45 and 165 s, both using

4.01 LI-COR SoilFluxPro software (v. 4.01; LI-COR). 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

Moisture Probes (LI-COR) and LI-COR LI-8150-203 Soil

Temperature Probes (LI-COR), respectively.

Emissions were measured from 7 May to 3 July 2018,

26 Apr. to 24 June 2019, and from 8 Apr. to 26 June 2020

(Table 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).

2.3 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 diam.

soil probe. For each experimental unit, an area outside of the

GHG chambers was sampled when GHG sampling was initi-

ated (Table 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 gravimet-

ric 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, respec-

tively. 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 percentage WFP was determined. This calcula-

tion assumed that the soil particle density was 2.65 g cm−3.

Soil samples were dried at 40 ˚C, ground (<2 mm) and ana-

lyzed for NH4
+–N and NO3

––N (Clay et al., 2015).

2.4 Statistical analysis

Based on 5,400 measurements from each chamber over a 24-h

period, daily N2O-N and CO2–C emissions were determined.

Due the large number of measurements, we conducted an

analysis to determine the replication requirements. This anal-

ysis is available in Thies, et al. (2019). To demonstrate dif-

ferences between the sampling systems we compared aver-

age daily emissions from samples collected between 0930

and 1030 h with near continuous measurement. The vari-

ances, which were different at p < .001 for near contin-

uous measurement and point sampling between 0930 and

1030 h, were 0.00768 and 0.0227, respectively. This analysis
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T A B L E 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. The 95% confidence intervals are

provided

Sampling intervals Precipitation
Growing
degree days

Dry rye
biomass

C in rye
biomass

N in rye
biomass

Average WFP
bare soil

Average WFP
rye

2018 cm ˚C kg ha−1 cm3 cm−3

7 May–25 May 2.59 132 279 ± 15.67 0.74 ± 0.039 0.60 ± 0.0587

26 May–15 June 2.13 240 392 ± 25.45 0.54 ± 0.0784 0.42 ± 0.0195

16 June–3 July 10.31 225 378 ± 11.76 0.74 ± 0.0282 0.52 ± 0.0441

Total 15.03 597 1,049 452 46

2019

26 Apr.–13 May 7.09 25 106 ± 10.77 0.524 ± 0.021 0.583 ± 0.025

14 May–29 May 8.05 64 69 ± 11.34 0.613 ± 0.0369 0.665 ± 0.035

30 May–24 June 5.44 232 253 ± 19.38 0.511 ± 0.0103 0.435 ± 0.0306

Total 20.58 321 428 190 17.7

2020

8 Apr.–4 May 0.51 78 951 ± 7.7 0.441 ± 0.014 0.248 ± 0.0164

5 May–29 May 8.46 112 883 ± 24.7 0.595 ± 0.0111 0.439 ± 0.013

30 May–26 June 7.80 291 843 ± 71.1 0.423 ± 0.013 0.306 ± 0.016

Total 16.8 481 2,647 1,085 90

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 replica-

tion (n) requirement. Based on this analysis, the experimen-

tal protocol used in this experiment was designed and tested

(Thies, et al., 2020).

The experimental model was a randomized block design,

where the 3 yr 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 × treatment interaction (R Core Team,

2017). 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 tem-

peratures, N2O-N, and CO2–C emission to determine the

FFT frequency signatures (Klingenberg, 2005). The FFT fre-

quency signature is composed of frequencies each with a mag-

nitude and is often used to assist in interpreting repeating com-

plex data sets (Brummell et al., 2014 ; Krijnen et al., 2013).

Each frequency represents a repeating function, and the mag-

nitude provides information on the relative importance of that

frequency. Frequencies with larger magnitudes explain more

of the variability. To determine the relative importance of dif-

ferent frequency regions, the FFT were separated into two

regions, 0.75–0.85 and 0.98–1.01 cycles d−1. The average

value of the magnitudes for the 0.75–0.85 cycles d−1 was arbi-

trary and provided a benchmark for nondiurnal cycles and the

average value of the magnitudes for the 0.99–1.01 cycles d−1

provided a reference for diurnal cycles. The averages and con-

fidence intervals of the magnitudes within these frequencies

were determined.

3 RESULTS AND DISCUSSION

3.1 Biomass production, inorganic N,
precipitation, moisture, and temperature

Rye biomass production was highest in 2020 and lowest in

2019 (Table 2). The low 2019 yields were attributed to cool

and wet conditions (25 GDD from 26 April to 13 May) which

hampered rye growth and development. Because rye does not

have the 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 sur-

face 30 cm were 3.7 and 6.68 ± 0.57 mg kg−1, respectively,

and when rye was terminated on 3 July 2018 the NO3–N con-

centrations 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 initial NO3–N

concentration (26 April) was 14.3± 7.3 and the initial NH4–N

concentration was 20.3 ± 4.75 mg kg−1. When rye was termi-

nated on 24 June 2019, the NO3–N concentration in the soil
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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, respec-

tively. When the experiment was terminated on 26 June 2020,

NO3–N in the surface 30 cm was 7.11 ± 1.95 in the bare soil

treatment and 2.5 ± 1.56 mg kg−1 in the rye treated soil. How-

ever, at termination rye did not influence NH4–N concentra-

tion and was 2.8 ± 1.77 mg kg−1 in both treatments.

These findings show that large temporal changes in inor-

ganic N occurred during the study. In 2018, NH4–N concen-

trations 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

2.82 ± 1.75. Decreases in NH4–N concentrations over the

study were attributed to nitrification and plant uptake. Nitri-

fied 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 con-

centrations in the rye than soil treatments in 2019 and 2020

were attributed to plant uptake.

Temporal changes in inorganic N concentration are impor-

tant because N2O is emitted from nitrification and denitrifi-

cation and the relationship between N additions and N2O-N

emissions may follow an ‘S” shaped curve which can be math-

ematically described using a logistic model (Kim et al. 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 lev-

els is attributed to increased efficiency of N2O-N 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 decreased 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 C limited as opposed to N lim-

ited. This hypothesis is supported by Weier et al. (1993), who

showed that in C limited systems, adding additional N will not

increase denitrification. Blackmer and Bremner (1978, 1979)

also showed that denitrification efficiency is influenced by

NO3–N. Findings from Senbayram et al. (2012) also showed

denitrification can be limited by C availability. However, not

all experiments follow the logistic 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

Day of the year
146 148 150 152 154 156 158 160 162 164

mc( erutsio
m lios cirte

muloV
3 /c

m
3 )

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

Rye
Soil

Rate of water loss rye
= 4.57- 0.0283X (CI=0.0013)

Rate of water loss soil
 = 1.87- 0.01X (CI = 0.0013)

F I G U R E 1 Soil moisture depletion in the surface 5 cm of soil

between 26 May (146 day of the year) and 11 June (162 day of the year)

in 2019. The rate of water loss [(cm3 (cm3×d)−1] are shown from the

bare soil and rye cover crop treatments. CI represents the 95%

confidence interval

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–1), r = .79, p < .01). Following precipitation soil mois-

ture increased rapidly. In all 3 yr, there were intervals where

the WFP was >60%. This value is the tipping point where

Linn and Doran (1984) reported that respiration switches from

aerobic to anaerobic. In 2018, between 7 and 25 May and

between 16 June and 3 July, the WFP in the bare soil generally

exceeded the 60% WFP (Table 2, Supplemental Table S1).

However, rye reduced the WFP for these sampling intervals.

In 2019, due to high rainfall, rye had a minimal effect on WFP

between 26 April and 29 May (Supplemental Tables S1 and

S2). However, as the season progressed and cover crop growth

increased, and soil moisture contents decreased at a rate 2.8

times faster than bare soil (Figure 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 8 Apr to 4 May.

The soil temperature in the surface 5 cm differed among

years, and it was generally lower in 2019 than 2018 or 2020

(Supplemental Table S2). Across all years, the rye and bare

soil treatments had similar soil temperatures. However, differ-

ences were observed at selected times. For example, between

26 April and 13 May in 2019 at 1000 and 1400 h, the soil tem-

peratures in the rye treatment were generally higher than the
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Rye 2018

Day of the year
130 140 150 160 170

0.0

0.5

1.0

1.5

2.0

Rep 2 
Rep 1 

Soil 2018

130 140 150 160 170

0.0 0.5 1.0 1.5 2.0

Frequency (cycles/day)
0.0 0.5 1.0 1.5 2.0

0.00

0.02

0.04

0.06

0.08
FFT Rye FFT Soil

g 
N

2O
-N

 (h
a 

hr
)-1

F I G U R E 2 The 2018 (top) N2O emissions) and (bottom) frequency emission signatures 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

T A B L E 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 d−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
0.75-0.85 0.98 −1.01 0.75-0.85 0.98 −1.01

Year Treatment g N2O-N/ (ha×h) g N2O-N/ (ha ×h) Ratio g CO2–C/ (ha×h) g CO2–C/ (ha×h) Ratio
2018 Soil 0.011 ± 0.0019 0.031 ± 0.009 2.82 29.8 ± 6.97 99.4 ± 55.3 3.34

2018 Rye 0.0031 ± 0.00063 0.0025 ± 0.0013 0.81 27.9 ± 4.18 159.0 ± 64.8 5.7

2019 Soil 0.0071 ± 0.0019 0.0310 ± 0.0075 4.36 20.3 ± 5.72 70.4 ± 20.3 3.47

2019 Rye 0.0057 ± 0.0013 0.0081 ± 0.0044 1.39 38.5 ± 7.74 132.2 ± 59.9 3.43

2020 Soil 0.00935 ± 0.0031 0.0143 ± 0.0013 1.53 82.5 ± 23.8 85.3 ± 33.3 1.03

2020 Rye 0.0065 ± 0.00148 0.00440 ± 0.00143 0.67 67.2 ± 11.5 118 ± 2.84 1.76

bare soil, whereas in 2020 between 30 May and 26 June soil

temperatures were cooler in the rye the bare soil. Tempera-

ture changes are important when evaluating GHG emissions

because it influences gas solubility, equilibrium relationships,

microbial activity, and plant growth.

3.2 Nitrous oxide and carbon dioxide
frequency emissions signatures

To determine if N2O-N fluxes followed a predictable pat-

tern, 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 2, 3, 4). The size of the magnitude provides an assess-

ment of the importance of each frequency. Across all 3 yr,

rye reduced the magnitudes 80% for the frequencies between

0.98 to 1.01 cycle’s d−1 and 42% for the frequencies between

0.75 to 0.85 cycle’s d−1 (Table 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. The larger ratio for bare soil (2.9) than rye (0.95)

indicates that bare soil had a stronger diurnal cycle for emis-

sions 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
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Rye 2019
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F I G U R E 3 The 2019 (top) N2O emissions and (bottom) frequency emission signatures 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

Rye 2020
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F I G U R E 4 The 2020 (top) N2O emissions and (bottom) frequency emission signature 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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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 FFT

signature has implications on the sampling requirement and

suggests that near-continuous sampling may be required for

precise and accurate measurement.

Rye had a mixed effect on the FFT CO2–C emission signa-

tures. 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 treat-

ment. However, for the diurnal frequencies (between 0.98 and

1.01 cycles d−1) rye either increased or did not influence the

magnitudes. Across the 3 yr, the ratio between two frequency

periods was 2.61 for soil and 3.63 for rye. These values sug-

gest that rye increased the importance of the CO2–C diurnal

cycle.

3.3 Vegetative rye impact on early season
nitrous oxide flux and total emissions

Across the 3 yr, rye reduced N2O-N emissions (p = .05) by

66% during the first sampling interval (Table 3). These results

were attributed to rye scavenging the soil for inorganic N and

water (Linn & Doran, 1984; Del Grosso, et al., 2000; Kallen-

back et al., 2010 ; Thies et al., 2020). However, contrary to the

first sampling interval, rye did not affect emissions during the

second and third sampling intervals. The temporal effect of

rye on N2O-N emissions could be attributed to treatment dif-

ferences in the amount of NH4–N that was nitrified 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 micro-

bial 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 sus-

ceptible 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 emis-

sions. Differences between Ruis et al. (2018) and our study

were attributed to four factors. First, Ruis et al. (2018) sam-

pled 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 emis-

sions more than 1,100 times over 3 yr. Second, Ruis et al.

(2018) applied N fertilizer, whereas in our study N was not

applied. As discussed earlier, the application of N fertilizer

may have placed the Ruis et al. (2018) in the high emissions

portion of the S-Curve where the amount of N uptake by the

cover crop was not 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

study rye reduced soil moisture. Fourth, Ruis et al. (2018)

reported that between 6 March and 25 April an N2O-N flush

was not observed and changes in soil inorganic N were not

reported. Whereas, in our study, rye reduced N2O-N emis-

sions during the first sampling period in all 3 yr.

3.4 Vegetative rye impact on early season
CO2–C flux and total emission

For CO2–C emissions, the soil and rye treatments had diur-

nal cycles in 2018, 2019, and 2020 (Table 3). The diurnal

CO2–C cycles were attributed to diurnal temperature cycles

which influenced CO2 water solubility and microbial activ-

ity. 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.

4 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. Asso-

ciated with these reductions was a 66% decrease in N2O-N

emissions for the first 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 inter-

pretation 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 emis-

sions may follow a logistic model. This model predicts that at

low N and high N levels, changes in the NO3–N concentration
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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 rela-

tively 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
– 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 dur-

ing the study. Slightly different results were observed in 2020

where NO3–N at initiation was 6.25 mg kg−1 and at termina-

tion it was 7.11 in the soil and 2.5 mg kg−1 in the rye treat-

ments.

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
– concentrations. For this experiment,

additional information on the impact of cover crop on corn

growth is available in Moriles-Miller et al. (2020, November

9-13) and the effect of the decomposing cover crop on GHG

emissions are available in Joshi et al. (2020).
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