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Cover crops and in-season nitrogen (N) management are promoted as key conservation practices for reducing
nitrate leaching losses from agricultural fields. However, their combined effects on soil nitrous oxide (N2O)
emissions per unit of crop productivity remains uncertain. These practices might contribute to high N2O emis
sions by providing N and C substrates for microbial denitrification activity, especially when in-season N appli
cation coincides with cover crop decomposition. The objective of this study was to evaluate the effects of N
application timing and cereal rye (CR, Secale cereale L) cover crops on area- and yield-scaled soil N2O emissions
in continuous maize (Zea mays L.) over 3-yr (2018–2020). Treatments were: Pre-Season-N: 224 kg N ha-1 splitapplied in fall + pre-plant in 2018, or as single pre-plant applications in 2019 and 2020; In-Season-N: pre-plant
+ side-dress (growth stage V6-V7); In-Season-N + CR: ; and a zero N plot as the Control. We found that shifting
from pre-season to in-season split N application did not significantly affect area- or yield-scaled N2O emissions in
any year. Despite high N2O spikes for the In-Season-N + CR following side-dress N application in all years, this
did not translate to consistently higher cumulative N2O emissions. Compared with Pre-Season-N and In-SeasonN, In-Season-N + CR significantly increased area- and yield-scaled N2O emissions by approximately 50% in 1 of 3
years. These results suggest the combination of high soil N supply, warm and wet soil conditions, and cover crop
decomposition contributes to elevated N2O emissions, but the cumulative effects of side-dress N application with
a CR cover crop are variable across years. With increasing adoption of these practices to reduce nitrate leaching
losses from croplands, future work should simultaneously assess effects on N2O emissions and crop yield to
account for potential tradeoffs in N loss pathways.

1. Introduction
Nitrous oxide (N2O) has a global warming potential 298 times
greater than carbon dioxide and is the largest contributor to strato
spheric ozone depletion (Ravishankara et al., 2009). Agricultural soils
account for 75% of total N2O emissions in the U.S. (USEPA, 2019). Soil
N2O is produced primarily during the denitrification process, which is
the biological reduction of nitrate into N2O gas under anaerobic con
ditions (Coyne, 2008), yet the role of nitrification is also recognized
(Butterbach-Bahl et al., 2013). Increased soil N2O emissions in croplands
are directly associated with N fertilization, largely due to increased soil

mineral N serving as a substrate for microbial processes (Snyder et al.,
2009). Hence, compared to other uncontrollable factors influencing N2O
emissions such as soil moisture, temperature, pH, and C availability, N
fertilizer management practices present an immediate opportunity for
mitigation (Venterea et al., 2012).
Extensive research has been conducted on the impacts of individual
N management practices on soil N2O emissions, with great focus on N
fertilizer rates (Decock, 2014; Kim et al., 2013; Shcherbak et al., 2014).
However, fewer studies have assessed how different timing of N appli
cation affects N2O emissions, particularly for maize (Zea mays L.) in the
U.S. which covers more than 36 M ha and plays a key role in global
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maize production. The combination of relatively high N fertilizer rates
and large cropland area make this region a hotspot for global N2O
emissions (Gerber et al., 2016). To minimize the need for field opera
tions in the spring, it is common in the state of Illinois to apply anhy
drous ammonia the previous fall, roughly 5–6 months before crop N
demand. Yet, there is an emphasis on moving away from fall N appli
cation towards pre-plant or in-season (also termed side-dress) N appli
cations to increase N use efficiency and reduce annual nitrate loading to
the Gulf of Mexico by 15% by 2025 (IEPA et al., 2015; Illinois CBMP,
2019). Curbing N pollution in this region is heavily focused on man
agement practices and technologies related to N leaching (Khanna et al.,
2019), with less attention on potential tradeoffs for N2O emissions. In
this context, a central sustainability question is whether changes in N
application timing increase or decrease N2O emissions. Previous studies
have reported lower N2O emissions for other N sources compared to
anhydrous ammonia when all N was applied in spring (Fernández et al.,
2015; Fujinuma et al., 2011; Venterea et al., 2010). Results from a
meta-analysis across different field studies indicate the potential for
side-dress N application to decrease N2O emissions by 30% (Eagle et al.,
2017). However, little information is available comparing N2O emis
sions between fall and spring N applications within the same cropping
system.
Efforts to mitigate N losses have focused on supplying N close to the
period of high crop N uptake. In the case of maize receiving N fertilizer
in spring, this often means splitting N applications between planting
time and side-dress (growth stage V6). However, weather and soil
conditions may be more favorable for denitrification during the early
growing season (i.e., warm and moist soils) compared to fall or spring N
applications when soils are colder. A recent study showed that growing
season precipitation was the most important factor impacting N2O
emissions in fertilized agricultural fields in Canada (Rochette et al.,
2018). Moreover, peaks of N2O emissions immediately following N
fertilization may account for a large portion of annual emissions. Parkin
and Kaspar (2006) reported two significant peaks of N2O in response to
rainfall soon after side-dress N application on maize in Iowa, accounting
for 49% of annual emissions. Similarly, Omonode et al. (2011) reported
that three peaks shortly after side-dress N application accounted for 50%
of cumulative emissions during the maize growing season in Indiana.
Cover crops are another important practice for reducing N leaching
losses, but effects on N2O emissions are variable. Cover crops can in
crease or decrease N2O emissions by influencing factors that control
denitrification, such as soil water and oxygen content, and availability of
N and soluble C (Basche et al., 2014; Chen et al., 2013). One difficulty in
predicting cover crop effects on N cycling processes is that these con
ditions change over the growing season (Parkin et al., 2016). For
instance, cover crops can indirectly reduce N2O emissions by depleting
soil N and water during early spring when they are growing rapidly.
Conversely, cover crops can increase N2O emissions during their
decomposition by increasing C substrate availability for microbial
denitrification and by creating anaerobic microsites due to increased
microbial respiration and greater water absorption by plant residue
(Baggs et al., 2003; Chen et al., 2013; Kravchenko et al., 2017; Mitchell
et al., 2013; Petersen et al., 2011). A meta-analysis evaluating the effects
of cover crops on N2O emissions found that cover crops increased
emissions in 60% of cases (Basche et al., 2014).
Sustaining crop yields while reducing environmental N pollution
remains a challenge in the U.S. Midwest (Roy et al., 2021). Cover crops
and in-season N management have been promoted as key in-field
practices for meeting water quality goals in Illinois (IEPA et al., 2015),
but their impacts on crop productivity remain poorly quantified. A shift
towards in-season N application could increase soil N supply and crop
productivity (Abalos et al., 2016), but this may be offset by the use of
cover crops if soil or fertilizer N immobilization occurs during cover crop
decomposition. While Marcillo and Miguez (2017) reported no consis
tent yield declines for maize yields following a non-legume winter cover
crop in a recent meta-analysis, others have found that cover crops ahead

of maize can cause early-season soil N immobilization and reduce maize
yields (Pantoja et al., 2015).
A key knowledge gap is how the combination of cover crops and inseason N management influences both maize yields and N2O emissions.
Such research will help ensure gains in water quality do not come at the
cost of reduced crop yields or other negative environmental impacts
such as increased N2O emissions, which would compromise systemslevel sustainability. The objectives of this study were to evaluate (i)
whether shifting from pre-season to in-season split N application in
creases or decreases soil N2O emissions, (ii) the combined effects of inseason split N application and cereal rye cover crop on soil N2O emis
sions relative to pre-season and in-season N applications, and (iii) the
consequences of these practices for maize yield and yield-scaled
emissions.
2. Materials and methods
2.1. Site description and experimental design
This study was conducted for 3-yr (2018–2020) at the University of
Illinois Dudley Smith Farm, located approximately 8 km north of Pana,
IL, USA (39º 26’ 56” N, 89º 6’ 43” W). The study consisted of a striptillage, continuous maize cropping system. The region has a 30-yr
average annual rainfall of 1043 mm (excluding melted snow) and an
annual mean temperature of 11.6º C (1981–2010 normal) (http://mrcc.
illinois.edu, ID USC00116579). The predominant soil type in the field
was a Virden silty clay loam (fine, smectitic, mesic Vertic Argiaquolls),
classified as poorly drained. The following soil properties were deter
mined at the start of the experiment: 110 g kg-1 sand, 580 g kg-1 silt, 310
g kg-1 clay, 35 g kg-1 organic matter (0–15 cm depth), and pH of 6.2
(0–17 cm depth).
A detailed description of the site and drainage system was provided
by Preza-Fontes et al. (2021); (2019). Briefly, the research site was
established in 2016 and consisted of 16 individually drained plots of
~0.85 ha. The current study began in fall 2017 when treatments were
first imposed for the crop year 2018. The experiment was arranged in a
randomized complete block design with four replications and a 1-factor
treatment structure with four levels. Treatments were randomly
assigned to each plot at the beginning of the experiment and remained in
place over the 3-yr study period (i.e., treatments did not rotate across
plots in different study year). Treatments included three combinations of
N fertilizer timing and cereal rye (CR) cover crop, plus a control treat
ment with no N applied. The treatments in this study aimed to represent
current practices in this region and reproduce realistic management
practices that producers may adopt. A pre-season N application plus
cover crop treatment was not included because this would undermine
efforts to decrease nitrate losses. In this system, nitrate losses primarily
occur during early spring. Cover crops grow rapidly during this period,
helping capture and recycle residual soil N from the previous year. Thus,
a corresponding change in N application timing (i.e. a shift towards
in-season N management) is required to avoid the cover crop taking up
newly applied N fertilizer. A pre-season N application plus cover crop
treatment would not only compromise the ability to reduce spring ni
trate losses, but would also likely cause N immobilization issues for the
following maize crop. Nitrogen was applied at 224 kg N ha-1 in the
fertilized treatments, which is within the profitable range of university N
rate recommendations for maize following maize in central Illinois, USA
(http://cnrc.agron.iastate.edu). The Pre-Season-N treatment for the
2018 season consisted of a fall application of 134 kg N ha-1 as anhydrous
ammonia + nitrapyrin at 0.56 kg a.i. ha-1 (N-Serve®, Corteva Agris
cience) followed by a spring pre-plant application of 90 kg N ha-1 as
urea-ammonium nitrate (UAN, 32–0–0). The nitrapyrin was mixed in
the anhydrous ammonia tank and the N fertilizer was injected at 20-cm
depth below soil surface using a 6000 Pull-Type Toolbar (Hiniker,
Mankato, MN, USA). The UAN was injected between rows at 3–5-cm
depth using a flat-coulter applicator (BLU-JET AT6020, Thurston
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Manufacturing Co., Thurston, NE, USA). Wet soil conditions in the fall of
2018 and 2019 precluded fall N application, so in the 2019 and 2020
seasons, Pre-Season-N consisted of a single pre-plant application of 224
kg N ha-1 using UAN as previously described. The In-Season-N treatment
consisted of a pre-plant (90 kg N ha-1) and a side-dress application (134
kg N ha-1 at V6-V7 growth stage), both done using injected UAN as
previously described. The third treatment – In-Season-N + CR – con
sisted of the In-Season-N treatment as previously described, plus a cereal
rye cover crop planted the previous fall and terminated 2–4 weeks
before planting.

2.4. Soil N2O emissions
Soil N2O fluxes were measured using the closed-static manual
chamber method (Parkin and Venterea, 2010) on 31, 30, and 29 dates in
2018, 2019, and 2020, respectively. We used error analysis both before
the field experiment to design the gas chambers and sampling protocol
(e.g. chamber height, deployment period, and number of samples), as
well as to select a flux calculation scheme to minimize tradeoffs between
accuracy and precision (Venterea et al., 2020). The chamber was con
structed from clear acrylic plastic and consisted of two parts: a base
(67.3 cm length × 40.6 cm width × 14 cm height) and a vented lid (same
dimension as the base) that was insulated with reflective double bubble
foil (Ecofoil, Urbana, IA, USA). The chamber lids also contained a layer
of weather stripping (Lundell Manufacturing Co., Minneapolis, MN,
USA) lining the connection between lids and base to prevent ambient
mixing by creating an air-tight seal during gas sampling. In each plot,
one base was inserted ~5 cm into the soil. Bases were positioned
approximately 4.5 m from the center tile lateral within each plot to
obtain representative drainage conditions for the full plot. After anhy
drous ammonia application, the bases were centered over the injection
band. After maize plating, the bases were placed between rows, covering
the entire inter-row area and encompassing the UAN fertilizer band.
In 2018, N2O flux measurements started after anhydrous ammonia
application in December and continued through maize harvest, with
increased frequency (twice a week) during the period of expected higher
N2O emissions (after pre-plant and side-dress N application). Due to
weather constraints and setbacks in chamber installation, measurements
started in April and February in 2019 and 2020, respectively. Soil N2O
flux measurements were generally made from 11:00 am to 2:00 pm
during the winter and spring, and 9:00 am to 12:00 pm during the
summer and fall. On each sampling date, the lid was placed on top of the
based and secured in place with clamps. Each lid had an air-tight septum
at the top through which samples were withdrawn. Gas samples were
collected using 20-mL polypropylene syringes 0, 16, 32, and 48 min after
sealing the chamber. After withdrawing a sample, 5 mL of gas was
ejected, and 15 mL was immediately transferred into a 10 mL previously
evacuated glass vial. The glass vials were sealed with butyl rubber
stoppers (Voigt Global Distribution Inc., Lawrence, KS, USA), and the
stoppers were covered with clear RTV silicone adhesive sealant (Dow
Corning, Midland, MI, USA) to prevent leakage. Gas samples were stored
in glass vials until analyzed by gas chromatography (GC) to determine
N2O concentration. The GC was conducted using a Shimadzu-2014
(Shimadzu Co., Kyoto, Japan) equipped with an electron-capture de
tector. Helium was used as the carrier gas. The GC was calibrated for
sample analysis using four N2O grade standards (between 0.1 and 10.14
ppm).
Daily fluxes (dN2O) were calculated from the rate of change in N2O
concentration in the chamber headspace versus time using the restricted
quadratic regression procedure (Venterea et al., 2020). The restricted
quadratic regression method helps account for suppression of the ver
tical gas concentration gradient during chamber deployment, allowing
for more accurate flux estimates compared to linear regression without
being as sensitive as other nonlinear methods (Venterea et al., 2020).
While the gold standard protocol recommends soil data collection to
apply a chamber bias correction method, we did not collect the required
soil physical parameters for each sampling event which produced this
option. Cumulative area-scaled N2O emissions (cN2O, kg N2O-N ha-1)
were estimated using trapezoidal integration of flux versus time.
Yield-scaled N2O emissions (kg N2O-N Mg-1 of grain) were estimated for
each plot by dividing cN2O by the respective grain yield. The emission
factor (EF, %) of fertilized-induced N2O emissions was estimated using
the following equation:
(
)
N2 Ofert − N2 Ounfert
EF (%) =
× 100
(1)
N rate

2.2. Cereal rye cover crop management
The cereal rye cover crop was drilled after maize harvest on 31 Oct
2017 and 25 Oct 2018 on 19-cm rows using a John Deere 4555 no-tillage
drill (Deere & Co., Moline, IL, USA), with a target seeding rate of 67 kg
ha-1. To achieve better fall establishment in the third year, on 27 Sept
2019, the cereal rye was aerially seeded into standing maize (R5 growth
stage) using a high-clearance Hagie™ Sprayer STS10 (Deere & Co.,
Moline, IL, USA), with a target seeding rate of 73 kg ha-1. Cereal rye was
terminated on 30 Apr 2018, 17 May 2019, and 21 Apr 2020 by spraying
1.29 kg a.i. ha-1 of glyphosate [N-(phosphonomethyl)glycine]. Before
termination, aboveground biomass was randomly collected from a 1 m2
area at five locations in each plot (20 samples yr-1). Samples were dried
at 60ºC in a forced-air oven, ground to pass a 2-mm screen using a Wiley
mill (Arthur H. Thomas Co., PA, USA), and analyzed for total N and C by
A&L Great Lakes Laboratories (For Wayne, IN, USA). Aboveground
biomass ranged from 0.3 (2018) to 1.2 Mg ha-1 (2019), N uptake ranged
from 8 to 18 kg ha-1, and C/N ratio ranged from 12/1 to 33/1. Above
ground biomass, N concentration, N uptake, and C/N ratio of cereal rye
at termination are presented in Preza-Fontes et al. (2021).
2.3. Maize management
Maize was planted on 11 May 2018, 8 June 2019, and 1 June 2020
with a target seeding rate of 86,500 seeds ha-1 (Wyffels Hybrid®
W7976RIB in 2018, W5518RIB in 2019, and W7888RIB in 2020). The
seed was placed at 2.5 – 3.5 cm depth with 76-cm row spacing. Fall striptillage at 20-cm depth and 8-cm wide was conducted at the same time as
N fertilizer application in fall 2017 (28 Nov 2017) for seedbed prepa
ration. However, extremely wet soil conditions in the fall of 2018 and
2019 prevented field operations, and neither strip-tillage nor N appli
cation was done. Instead, the seedbed was prepared the following spring
using a strip-freshener (Yetter Manufacturing Co., Colchester, IL, USA)
on 4 June 2019 and 12 May 2020. Dates of pre-plant and side-dress UAN
applications were: 2 May and 7 June in 2018; 4 June and 9 July in 2019;
and 31 May and 6 July in 2020, respectively. Because soil tests from
samples obtained at the beginning of the study showed adequate levels
of P (32 ppm) and K (150 ppm) according to the Illinois Agronomy
Handbook (Fernández and Hoeft, 2009), fertilizers were applied at rates
equivalent to expected crop removal for the 3-yr study period. Triple
superphosphate (0− 46− 0) and muriate of potash (0− 0− 60) were
broadcast applied on 15 Nov 2017 at a rate of 156 kg P2O5 ha-1 and 135
kg K2O ha-1, respectively.
Maize was harvested on 17 Oct 2018, 16 Nov 2019, and 14 Oct 2020,
using a John Deere Combine equipped with a GREENSTAR™ Yield
Monitor System and Yield Mapping System (Deere & Co., Moline, IL,
USA). ArcMap Software v10.7 (ESRI Inc., Redlands, CA, USA) was used
for yield data cleaning (removal of values more than 3 standard de
viations from the mean, according to Sudduth et al., 2012) and calcu
lating average yield (adjusted to 15% moisture) for each plot. Additional
information on maize grain yields as affected by N application timing
and cereal rye cover crop are presented in Preza-Fontes et al. (2021).
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using PROC CORR.

Where N2Ofert is the N2O emissions of the fertilized treatment, N2Ounfert
is the N2O emissions of the unfertilized treatment, and N rate is the total
N applied (224 kg ha-1).

3. Results
3.1. Weather conditions

2.5. Weather and soil N measurements

Annual precipitation was similar to the long-term average in 2020
(1053 mm) and greater in 2018 (1159 mm) and 2019 (1264 mm). Most
of the annual rainfall occurred during the summer in 2018 (518 mm,
June through August) and during the spring in 2020 (398 mm, March
through May) (Fig. 1a and e). In contrast, precipitation was evenly
distributed during the spring and summer in 2019, totaling 843 mm
(Fig. 1c). Large precipitation events were also seen within each growing
season in all years (e.g., 122 mm on 11 June 2018, 81 mm on 15 June
2019, and 84 and 103 mm on 15 May and 30 July 2020, respectively). In
2018, average air and soil temperatures were low in March and April
and abruptly increased in May (Fig. 1b). In contrast, mean air and soil
temperature gradually increased from March to July and declined after
that in 2019 and 2020 (Fig. 1d and f).

Weather and soil data (soil temperature and water content at 8-cm
depth) were recorded using an on-site weather station (HOBO®
RX3000, Onset Computer Co., Bourne, MA, USA). Soil samples for NO3N and ammonium-N (NH4-N) determination were taken during the 2018
and 2019 growing seasons following procedures described by Graham
et al. (2018). However, soil NO3-N and NH4-N concentrations were not
determined for the third season of this study due to resource constraints
during the 2020 global COVID-19 pandemic. Briefly, composite samples
were obtained from five equally spaced soil cores across the inter-row
area along a transect running perpendicular to the crop row, with the
middle core located over the N fertilizer band. In each plot, samples
were taken to 20-cm depth near gas chambers using a 2-cm diameter
hand probe. Soil inorganic N was extracted at field moisture within 24 h
using 2 M KCl (12 g of soil in 100 mL extraction, shaken for 1 h), filtered
(8 µm, Whatman® filter paper No. 2), and stored at 4ºC until analysis.
Samples were typically analyzed within 7 d for NO3-N and NH4-N con
centrations using a Smartchem 170 discrete wet chemistry auto-analyzer
(Unity Scientific, Milford, MD, USA). Soil moisture was measured by
weighing ~7 g and oven drying at 105 ºC for 48 h.

3.2. Daily soil N2O emissions
The highest fluxes of daily soil N2O emissions occurred at different
times and in different treatments each year, but as expected, they were
often associated with N fertilization and precipitation events. In 2018,
N2O fluxes sharply increased after side-dress N application and
remained high in the In-Season-N + CR treatment from 25 June to 6 July
compared to the other treatments (Fig. 2a). In contrast, the period of
highest N2O fluxes in 2019 occurred within two weeks after pre-plant N
application (Fig. 3a). The highest mean N2O flux was measured on 18
June in the Pre-Season-N treatment (609 g N2O-N ha-1 d-1), followed by
In-Season-N (574 g N2O-N ha-1 d-1) and In-Season-N + CR (326 g N2O-N
ha-1 d-1). Additional spikes were observed between 23 August and 5
September and generally followed the order in magnitude: In-SeasonN + CR > In-Season-N > Pre-Season-N > Control.
The largest peaks in N2O flux started later in the 2020 growing
season than in previous years (Fig. 4a). Moderate N2O fluxes were
observed in early July and early August with high variability across
treatments, whereas the greatest flux occurred with the In-Season-

2.6. Statistical analysis
Analysis of variance (ANOVA) was conducted using PROC GLIMMIX
of SAS v9.4 (SAS Institute, Cary, NC). For each year, the effect of
treatments on cN2O emissions, yield-scaled N2O emissions, and EF were
analyzed using a randomized complete block design, with treatment as
fixed effects and block as random effects. Residuals were assessed for
normality using the Shapiro-Wilk test with PROC UNIVARIATE and all
variables did meet the assumptions of normal distribution and equal
variances. Treatment effects were considered significant at p ≤ 0.1.
Least square means were compared using Fisher’s Least Significant
Difference (LSD) method with the LINES option. Correlation analysis
among daily N2O fluxes and soil NO3-N and NH4-N were conducted

Fig. 1. Daily precipitation, average monthly air temperature, and average soil temperature and soil water content (0–8 cm) during the gas sampling period in 2018
(a and b), 2019 (c and d), and 2020 (e and f). Arrows depict field management events for cereal rye (CR) cover crop termination, maize planting, and nitrogen (N)
fertilizer applications.
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Fig. 2. Mean ( ± standard error) daily soil nitrous oxide (N2O) fluxes (a) and
soil nitrate (NO3-N) (b) and ammonium (NH4-N) concentration (0–20 cm) in
2018. Cereal rye (CR) cover crop was planted on 31 Oct 2017. Fall N (124 kg N
ha-1) was applied on 28 Nov 2017 for Pre-Season-N treatment. Measurements of
N2O started on 17 Dec 2017.

Fig. 3. Mean ( ± standard error) daily soil nitrous oxide (N2O) fluxes (a) and
soil nitrate (NO3-N) (b) and ammonium (NH4-N) concentration (0–20 cm) in
2019. Cereal rye (CR) cover crop was planted on 25 Oct 2018.

N + CR (662 g N2O-N ha-1 d-1). In contrast to 2019, soil N2O fluxes did
not peak until after 3–4 weeks after side-dress N application, likely due
to low precipitation and declining soil water content during this period
(Fig. 1e and f).
Following the 2018 and 2019 growing seasons, statistical analysis
showed that soil N2O fluxes were poorly correlated with soil NO3-N or
NH4-N concentrations each year and across years (e.g. across years: NO3N: r = 0.0978, n = 704, p = 0.009; NH4-N: r = 0.1351, n = 704,
p < 0.001) (data not shown). The lack of a relationship between daily
N2O fluxes and soil inorganic N concentrations agrees with our previous
studies conducted in Illinois, USA (Graham et al., 2018; Yuan et al.,
2018).

Fig. 4. Mean ( ± standard error) daily soil nitrous oxide (N2O) fluxes (a) in
2020. Cereal rye cover crop (CC) was planted on 27 Sept 2019.

3.3. Cumulative N2O emission, yield-scaled N2O emission, and emission
factor

significantly greater with the In-Season-N + CR compared to the other
treatments in 2018, whereas yield-scaled N2O emissions were statisti
cally similar among the Pre-Season-N, In-Season-N, and Control. In
contrast, the control had significantly greater yield-scaled N2O emis
sions compared to the other fertilized treatments in 2019 and 2020. In
addition, there was no significant difference in yield-scaled N2O emis
sions among Pre-Season-N, In-Season-N, and In-Season-N + CR in both
2019 and 2020.
Over the 3-yr study period, the fertilized-induced EF ranged from
1.8% to 4.1% (Table 1). However, EF was only significantly affected by
treatments in 2018, with In-Season-N + CR having greater EF compared
to Pre-Season-N and In-Season-N.

Cumulative N2O emissions were significantly affected by treatment
in all years (Table 1). The In-Season-N + CR emitted approximately 50%
more N2O compared to Pre-Season-N and In-Season-N in 2018, whereas
cN2O from Pre-Season-N was identical to the In-Season-N. In 2019 and
2020, however, there was no significant difference in cN2O among the
three treatments receiving N fertilizer, ranging from 8.0 (Pre-Season-N
in 2020) to 12.1 kg N ha-1 (In-Season-N + CR in 2020). As expected,
cN2O significantly decreased when no N fertilizer was applied.
Grain yield was not significantly affected by fertilized treatments in
all years. Average yields of treatments that received N fertilizer ranged
from 14.5 to 14.8 Mg ha-1 in 2018, from 12.4 to 12.9 Mg ha-1 in 2019,
and from 11.9 to 12.2 Mg ha-1 in 2020 (Preza-Fontes et al., 2021). Thus,
the effects of treatment on yield-scaled N2O emissions followed a similar
pattern of cN2O (Table 1). For instance, yield-scaled N2O emissions were
5
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large precipitation events, accounting for 45% of the cN2O in the
Pre-Season-N and In-Season-N treatments (Fig. 3a). This is despite
Pre-season-N receiving 224 kg N ha-1 prior to planting compared to
90 kg N ha-1 for the In-Season-N treatment, which in theory should have
reduced the susceptibility for N loss. These results are similar to those
reported by Parkin and Kaspar (2006) and Omonode et al. (2011), who
found that two or three N2O peaks accounted for ~50% of the seasonal
emissions.
It is often stated in the literature that applying N close to crop N
demand is an important opportunity for decreasing the risk of N losses,
with recent work demonstrating that higher recovery of N fertilizer (or
decreases in surplus N) is associated with lower N2O emissions (Omo
node et al., 2017). Therefore, we expected that in-season split N fertilizer
would reduce N2O emissions, owing to better synchrony of soil N
availability and crop N demand. However, our results show that this
management practice does not automatically mitigate N losses – instead
many factors interact to control nitrification and denitrification pro
cesses, including soil moisture and temperature, available C and oxygen,
and soil NO3-N and NH4-N concentrations (Butterbach-Bahl et al., 2013;
Coyne, 2008), thus high N2O emissions will only occur when a certain
combination of conditions are met. For instance, when N is applied
pre-season, even if soil moisture conditions are favorable for microbial
activity, soil temperatures tend to be low, thus limiting N2O emissions.
In contrast, when soil N supply increases due to in-season N application,
growing season rainfall patterns can result in a combination of warm
and wet soils coupled with high microbial activity due to active soil
organic matter decomposition. However, it is important to note that in
both of these cases, similar outcomes might be expected for pre-season
and in-season N application, assuming sufficient soil N is available,
limiting the potential for in-season N application to reduce emissions. A
different example is considering the two largest emission events in 2020,
where Pre-season-N had slightly higher fluxes prior to side-dress N
application, while In-season-N had slightly higher fluxes in August, both
as would be expected, but this resulted in similar cN2O overall.
Accordingly, it is the dynamic relationship between soil moisture and
other controlling factors that appears to be the primary driver, regard
less of N application timing, by stimulating large peaks of N2O that often
represent a considerable portion of seasonal or annual emissions. Similar
findings for inconsistent effects of in-season N application have been
reported by Machado et al. (2020) using high-frequency N2O measure
ment methods, leading the authors to conclude “the timing of N fertil
ization alone does not guarantee the mitigation of N2O emissions”.
It should be noted that, due to wet springs, maize planting was
delayed in 2019 and 2020, and thus side-dress N fertilizer was applied in
early July rather than the typical side-dress (V6-V7) in early June.
Because July is hotter than June, it can be hypothesized that soil con
ditions in July would induce greater N2O emissions than in June. Using
hierarchical regression models from data from North America maize
cropping systems, Eagle et al. (2017) found that each one degree rise in
average July temperature increased N2O emissions by 28% with N fer
tilizer rates between 110 and 270 kg ha-1. However, that was not the
case in our study, as we found greater spikes occurring in June 2019 and
early August 2020, and in both years cN2O was not substantially
different in magnitude compared to 2018 (12%, on average).
The effect of the cereal rye cover crop in our experiment can be
broken into two periods – the growing season and the non-growing
season. The inclusion of cereal rye cover crop did not decrease N2O
emissions during the non-growing season. In this study, April tempera
ture was below-normal in all years, as well as in March 2018 and 2019.
These conditions led to limited spring cereal rye growth (0.3 Mg ha-1)
and N uptake (8.2 kg ha-1) before termination in 2018 (Preza-Fontes
et al., 2021), reducing the potential for mitigating N2O emissions during
this period. In addition, the low soil N supply in all treatments in 2019
(and likely in 2020 due to no fall-applied N) combined with low tem
peratures limited N2O production during the spring in those years. While
cover crops can indirectly reduce emissions by reducing soil N and

Table 1
Average cumulative nitrous oxide (N2O) emissions, yield-scaled N2O emissions,
and fertilized-induced N2O emission factor during the 2018, 2019, and 2020
growing season.
2018
Pre-Season-N
In-Season-N
In-Season-N + CR
Control
Pr > F
Pre-Season-N
In-Season-N
In-Season-N + CR
Control
Pr > F
Pre-Season-N
In-Season-N
In-Season-N + CR
Control
Pr > F

2019

2020

- - - - - - - - N2O emissions (kg N ha-1) - - - - - - - 8.9 ba
10.9 a
8.0 a
8.9 b
9.5 a
10.0 a
13.6 a
11.7 a
12.1 a
4.9c
2.8 b
3.0 b
0.002
0.014
0.017
- - Yield-scaled N2O emissions (kg N Mg-1 grain) - 0.6 b
0.8 b
0.6 b
0.6 b
0.7 b
0.8 b
0.9 a
0.9 b
1.0 b
0.6 b
1.8 a
2.4 a
0.058
< 0.001
0.014
- - - - - - - - - - - Emission factor (%)- - - - - - - - - - 1.8 b
3.6
2.4
1.8 b
3.0
3.1
3.9 a
4.0
4.1
–
–
–
0.034
0.649
0.407

a
Treatment means within a column followed by different letters are signifi
cantly different at P < 0.1 by the Fisher’s LSD test. Letters are only shown when
treatment effects were significant (alpha = 0.1). CR = cereal rye cover crop

4. Discussion
Our results showed that shifting from pre-season to in-season split N
application neither increased nor decreased cN2O during the study
period (Table 1). It was interesting to note that daily N2O fluxes followed
similar pattern with Pre-Season-N and In-Season-N in 2018, resulting in
identical cN2O. Even with Pre-Season-N receiving fall N late in the
previous year, N2O fluxes were consistently low during the non-growing
season (Fig. 2a), likely due to cold temperatures that caused unfavorable
conditions for microbial activity (Fig. 1b). Based on soil N measurements
along with gas sampling during this time (Figs. 2b and 2c), most of the
fall-applied N was in the NH4-N form, indicating that little nitrification
had occurred. A nitrification inhibitor (nitrapyrin) was included with
fall N application in that year, so we speculate that microbial activity
was limited by NO3-N substrate in addition to cold temperatures. Pre
vious studies have shown that nitrapyrin can be effective at reducing
N2O emissions from spring-applied N fertilizers (Bastos et al., 2021;
Omonode and Vyn, 2013), but few studies have evaluated its effect on
N2O emissions from fall-applied N fertilizer. Parkin and Hatfield (2010)
evaluated N2O emissions from fall-applied anhydrous ammonia with
and without nitrapyrin in Iowa, U.S., and found that nitrapyrin delayed
nitrification of anhydrous ammonia and reduced N2O emissions during
the late fall and early spring compared to anhydrous ammonia without
nytrapyrin in 1 of 2 years, but in both years cumulative annual N2O
emissions were not significantly reduced.
The lack of a N timing effect in our study may in part be due different
temporal dynamics of soil N2O fluxes among years, with the highest
fluxes occurring either in June, July, or August. Evaluating N2O emis
sions under field conditions is challenging because fluxes are driven by
“hot spots” and “hot moments” (Groffman et al., 2009), suggesting that
large events contributing a disproportionate amount to seasonal emis
sions are driven by the interaction of soil N supply and changing envi
ronmental conditions, rather than N application timing alone (Machado
et al., 2020). In particular, soil moisture and temperature can be highly
variable in humid climates with large rainfall events, contributing to
large variations in daily N2O fluxes at different points in the growing
season. These large N2O pulses may coincide with pre-season or
in-season N application timing depending on the year, reducing the
potential for consistent N2O mitigation effects with in-season N man
agement. This was best evidenced in 2019, in which N2O fluxes were low
after pre-plant N application and rapidly spiked and remained high after
6
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modifying soil moisture, this may be more challenging during the
non-growing season in the U.S. Upper Midwest due to the short period
between cash crop harvest and freezing temperatures. Previous studies
have also shown low cereal rye cover crop biomass and N uptake in years
with cold weather and short springs in this region (Behnke et al., 2020;
Martinez-Feria et al., 2016; Pantoja et al., 2015).
In contrast, In-season-N + CR produced high N2O fluxes later in the
growing season for all 3 years. Thus, while the effect of in-season N
application was not evident on its own, the combination of a cereal rye
cover crop with side-dress N fertilizer application contributed to large
N2O spikes, particularly in 2018 and 2020. While this only translated
into a significant effect on cN2O in 2018, there are likely several
mechanisms associated with this treatment causing differences in
growing season emissions. In this year, N2O fluxes increased after sidedress N application for In-Season-N + CR and remained greater for two
weeks compared to the other treatments (Fig. 2a; from 25 June to 6
July), accounting for 47% of the cN2O that resulted in significantly
greater cN2O emissions compared to the other treatments (Table 1). The
weekly soil samples (0–20 cm depth) during this period indicated no
change in inorganic soil N concentrations between In-Season-N with or
without cereal rye (Fig. 2b and c), suggesting this was not due to large
increases in bulk soil N availability. Rather, it is likely that the cover
crop supplied the necessary C substrate for N2O production in soil
microsites, which serve as the hotspot of microbial activity and rapid C
and N transformations (Kuzyakov and Blagodatskaya, 2015). The cereal
rye was terminated 38 d before side-dress in 2018, with average
aboveground biomass and C/N ratio of 0.3 Mg ha-1 and 12/1, respec
tively. Above-normal precipitation and air temperature in June might
have hastened residue decomposition (Cabrera et al., 2005), thereby
releasing mineral N and especially labile C to support microbial activity.
In an incubation study, Weier et al. (1993) reported that the addition of
mineral N combined with C amendment increased denitrification and
N2O emissions. Mitchell et al. (2013) found that cereal rye decreased
cN2O when no N fertilizer was applied in a no-till maize-soybean
(Glycine max L. Merr) rotation, but increased cN2O when N was applied
compared to the rotation without cereal rye cover crop in Iowa, U.S. In
contrast, Parkin et al. (2016) found no difference in cN2O with a cereal
rye cover crop compared to no cover crop in a maize-soybean rotation.
Other studies have shown that cover crops can increase N2O emissions
by creating anaerobic microsites due to increased microbial respiration
and greater water absorption by plant residue (Baggs et al., 2003; Chen
et al., 2013; Kravchenko et al., 2017).
It is important to highlight that soil N2O emissions following cover
crop residue addition are influenced by its quantity and quality (Chen
et al., 2013), and thus different cover crop species or cover crop man
agement would have different impacts on N2O emissions than those
reported here. Cereal rye has been widely used in the upper U.S. Mid
west because of its winter-hardiness and its ability to scavenge
post-harvest soil N compared to other species, thereby reducing risk of
nitrate leaching losses (Kladivko et al., 2014; Malone et al., 2014). Other
cover crops that do not overwinter [e.g., oats (Avena sativa) or radishes
(Raphanus sativus)], are used for animal grazing, or are leguminous will
each have different N content and biochemical complexity causing
different patterns of decomposition. Thus, the timing of labile C and N
substrate for microbial activity would differ from the conditions of our
study, where cereal rye was chemically terminated between 2 and 4
weeks before maize planting. The effects of different cover crop species
on N2O emissions warrants further research.
Expressing N2O emissions in relation to crop productivity can help
identify management strategies to maintain yields while minimizing
environmental pollution. Timing of N application and cover crops can
impact yields by influencing N availability to maize plants. However,
grain yields were not significantly affected by these practices in any year
in this study (Preza-Fontes et al., 2021). Thus, yield-scaled N2O emis
sions followed the same trend as N2O emissions, in which the In-Sea
son-N + CR had greater emissions per unit yield than the remaining

treatments in 1 of 3 years (2018) (Table 1). A recent meta-analysis found
that changing from all pre-plant application (spring or fall) to applying
at least a portion of the N as side-dress reduced yield-scaled N2O emis
sions by 20–26% (Eagle et al., 2017). However, no other study has
evaluated the combined effect of cover crops and in-season N manage
ment on yield-scaled N2O emissions.
Over the 3 years, the EF ranged from 1.8% to 4.2%, which is greater
than the IPCC default EF of 1% for synthetic fertilizers (Tier 1)
(Shcherbak et al., 2014). Previous studies in this region have reported EF
ranging from 0.8% to 8.1%, depending on soil and environmental con
ditions and N fertilizer practices such as source, placement, and time of
application (Burzaco et al., 2013; Fernández et al., 2015; Fujinuma
et al., 2011; Graham et al., 2018; Venterea and Coulter, 2015).
Considering the growing trend towards in-season N management and
cover crops to address nitrate pollution, these results demonstrate the
importance of ambient changes in soil temperature and moisture, in
relation to soil C and N supply under these management practices, as key
factors controlling N2O emissions. Since soil moisture conditions are
highly dynamic and weather-related, we caution that from a manage
ment perspective, the effects of N timing may be less predictable in
humid climates. Indeed, previous studies have shown mixed results for N
timing impacts on N2O emissions. Burzaco et al. (2013) reported lower
seasonal N2O emissions when UAN was injected between maize rows at
pre-plant compared to side-dress (V6, 30 d after planting) over two
growing seasons in Indiana, U.S. In two separate studies using urea as N
source in Minnesota, U.S., Venterea and Coulter (2015) found higher
emissions with an in-season split versus early season N application,
whereas Venterea et al. (2016) found no effects of single or in-season
split N at the recommended N rate. However, Eagle et al. (2017) re
ported that side-dress N application was an effective fertilizer manage
ment practice for reducing emissions.
While we did not observe a strong effect of N application timing
alone, the addition of a cereal rye cover crop triggered large N2O events
following side-dress N application in different years, highlighting the
potential risk for N2O emissions driven by warm and wet soil conditions
favoring soil organic matter mineralization and cover crop decomposi
tion. We are not aware of other studies investigating this treatment
combination, but given these spikes and the elevated cN2O in 1 of 3
years for In-season-N + CR, further research is necessary to investigate
potential tradeoffs in environmental N loss pathways. Cover crops are an
effective strategy for reducing NO3-N leaching losses from agriculture
(Abdalla et al., 2019), but a meta-analysis of 26 published studies found
that cover crops increased N2O emissions in 60% of cases (Basche et al.,
2014). From an environmental perspective, efforts to reduce water
pollution must not result in increased N2O emissions, resulting in
‘pollution swapping’. Therefore, future research is needed to better
understand potential synergies or tradeoffs in environmental N loss
pathways when recommending cover crops as a management practice
for mitigating N pollution from croplands.
5. Conclusions
In this study we evaluated the effects of different combinations of N
application timing and cereal rye cover crop on soil N2O emissions. Our
results showed that shifting from pre-season to in-season split N appli
cation neither increased nor decreased N2O emissions across the 3-yr
study period. In contrast, the combination of in-season split N applica
tion plus a cereal rye cover crop had significantly greater cumulative
N2O emissions compared with pre-season and in-season split N appli
cation in 1 out of 3 years. While in-season N addition is often proposed to
increase crop productivity or N uptake by synchronizing high soil N
concentrations with crop demand, our results showed that yields were
not impacted by any fertilized treatment, and thus yield-scaled emis
sions followed a similar pattern. We also observed potential risks for
triggering large N2O events following the decomposition of cereal rye
cover crop, highlighting that peaks of N2O emissions are not driven by
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management-related decisions alone (i.e. timing of N fertilizer applica
tion), but the combination of high soil N supply, labile C availability,
precipitation events, and warm soil temperatures. This is a dynamic
relationship and the extent to which these factors will interact varies
within and across seasons. Consequently, the effects of N timing may be
less predictable for rainfed cropping systems in humid regions with
increasing rainfall, particularly when combined with cover crop
implementation. Given contrasting findings in the literature for the ef
fect of N timing on N2O emissions due to the variable nature of rainfall
and its effects on soil microbial functions, further research is necessary
to determine the likelihood of higher emissions with these practices.
With the increasing adoption of cover crops as an in-field strategy to
address NO3-N leaching and water quality globally, these findings show
the importance of simultaneously assessing effects on N2O emissions, N
leaching, and crop productivity to account for potential tradeoffs in N
loss pathways.
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