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Abstract: Greenhouse gas (GHG) emissions from crop residue management have been studied
extensively, yet the effects of harvesting more than one crop residue in a rotation have not been
reported. Here, we measured the short-term changes in methane (CH4), nitrous oxide (N2O), and
carbon dioxide (CO2) emissions in response to residue removal from continuous corn (Zea mays L.)
(CC) and corn–wheat (Triticum aestivum L.)–soybean (Glycine max L. Merr.) (CWS) rotations in
the Mid-Atlantic USA. A first experiment retained five corn stover rates (0, 3.33, 6.66, 10, and
20 Mg ha−1) in a continuous corn (CC) in Blacksburg, VA, in 2016 and 2017. Two other experiments,
initiated during the wheat and corn phases of the CWS rotation in New Kent, VA, utilized a factorial
combination of retained corn (0, 3.33, 6.66, and 10.0 Mg ha−1) and wheat residue (0, 1, 2, and
3 Mg ha−1). Soybean residue was not varied. Different crop retention rates did not affect CO2 fluxes
in any of the field studies. In Blacksburg, retaining 5 Mg ha−1 stover or more increased CH4 and
N2O emissions by ~25%. Maximum CH4 and N2O fluxes (4.16 and 5.94 mg m−2 day−1) occurred
with 200% (20 Mg ha−1) retention. Two cycles of stover management in Blacksburg, and one cycle of
corn or wheat residue management in New Kent did not affect GHG fluxes. This study is the first to
investigate the effects of crop residue on GHG emissions in a multi-crop system in humid temperate
zones. Longer-term studies are warranted to understand crop residue management effects on GHG
emissions in these systems.

Keywords: greenhouse gases; corn stover; wheat straw; carbon dioxide; nitrous oxide; methane

1. Introduction

Global emissions of greenhouse gases, including carbon dioxide (CO2), methane (CH4),
and nitrous oxide (N2O), have increased by 75% since the 1970s [1]. Agriculture, together
with managed timberland, anthropogenic land-use (i.e., wetlands and settlements) and
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other land (i.e., bare soil, rock, and ice) accounted for about 24% of the total emissions
(mainly comprised of CH4 and N2O) and was only surpassed by the energy production
sector (around 34% of the total emissions). From this total, estimated contributions from
agriculture (5.0 to 5.8 Gt CO2 eq year−1) and land-use changes (4.3 to 5.5 Gt CO2 eq year−1)
(i.e., forest and grassland conversion to pasture or cropland and abandonment of croplands
and pastures to regrow into their prior natural state) were similar in magnitude over the
period 2000 to 2010 [2]. In this context, lignocellulosic bioenergy systems that utilize crop
residues could play an important role in mitigating the increases in anthropogenic GHG
emissions [3–6]. Interest in lignocellulosic ethanol production from dedicated bioenergy
crops [7–9] and crop residues has been on the rise recently [10,11]. However, the latter
has received more attention, as crop residues for main crops are available in considerable
amounts [12] and do not compete with food production [13,14], although reposition of
removed nutrients could be expensive [15]. Moreover, crop residues are to some extent
subsidized by primary grain production, so there is no need for land conversion, and its
concomitant impacts [16], when considering biomass harvest. However, this potential
largely depends on the development of sustainable and efficient bioenergy systems [17],
and uncertainties regarding these topics still remain [1].

In residue-based bioenergy production systems, the potential impact of residue re-
moval on soil processes and emissions of GHG, especially N2O, is of particular interest
and concern [18,19]. Increased accumulation of crop residues in the soil surface, which
increases the supply of readily available C and N for microbial activity [20,21], increases
potential C oxidation, nitrification and denitrification rates in soils [22–25]. As a result,
most field studies showed a reduction in the total GHG emissions following crop residue
removal [19,26–29].

Because of the scope of the systems and the number of variables involved, much of the
analysis of GHG emissions has been conducted via modeling. For example, all soil nitrogen-
related emissions, when modeled with DayCent [30,31] were significantly reduced with
corn stover removal [32,33]. Simulations of vehicular emissions with the GREET model [34]
indicate that, relative to petroleum gasoline, GHG emissions can be reduced by 90–103%
using ethanol from corn stover [35], a higher reduction when compared with ethanol
from corn grain [36]. Incorporating crop residues has increased soil N2O emissions in
some studies [21,37,38] but had no significant effect on N2O fluxes when 112 studies were
considered together in a meta-analysis [39]. Some authors have stated that the release of
N2O resulting from converting crop residues to biofuels may counterbalance the reduction
in global warming resulting from fossil fuel displacement [18,40]. However, full life cycle
assessments would be more appropriate, as the previous studies did not consider the fossil
fuels needed for biomass, fertilizer and pesticide production, and the use of co-products
from the bioenergy industry [40].

Although crop residue removal for biofuel production has the potential to reduce
GHG emissions from soil or through fuel consumption and use, to date no data on this have
been generated in the temperate humid Mid-Atlantic USA. At a global scale, the effects of
harvesting more than one crop residue from a multi-crop system on GHG emissions have
not been reported before. Generating information on the impact of crop residue removal
on GHG emissions and soil health is crucial to assess its environmental sustainability in the
region [15,41] and should be a prerequisite if bioethanol is to become a viable substitute
for the fossil fuels intended to be displaced [42]. Thus, the objectives of this study were
to record short-term changes in soil CO2, CH4 and N2O emissions in response to various
levels of residue removal from continuous corn grain and corn-wheat/soybean rotations
in Virginia.

2. Materials and Methods

Three field experiments assessing the impact of crop residue retention were conducted
over three years, from 2015 through 2017, in two physiographic regions in Virginia.
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2.1. Experiment 1

The experiment was conducted in Blacksburg, Virginia (BB), in the Valley and Ridge
physiographic region (37◦12′00.6” N 80◦33′52.0” W), on a Unison and Braddock loam soil
(fine, mixed semiactive, mesic hapludults) [43]. The experiment utilized an RCBD with five
levels of corn stover retention: 0, 3.33, 6.66, 10.00, and 20.00 Mg ha−1 corn stover retained
in a continuous corn (CC) grain rotation (Table 1). Four replications were established at
BB resulting in a total of 20 experimental units (EU), with 5 EU per replication. Each EU
was 4.6-m wide and 9.1-m long. Residue retention rates were calculated based on reported
average grain yields from Virginia in the period 2011–2017 [44] and calculated corn stover
yields, based on an assumed harvest index (HI) of 0.45. The treatments retaining 0, 3.33,
6.66, 10.00 and 20.00 Mg dry matter ha−1 corresponded to 0, 33, 66, 100 and 200% of the
total stover produced, respectively.

Table 1. Residue sources and retention rates for a field-based greenhouse gas emissions study in
Blacksburg and New Kent, VA.

Location Treatment
Corn Stover Wheat Straw Total Residue †

Mg ha−1

Blacksburg

1 0.00 - -
2 3.33 - -
3 6.66 - -
4 10.00 - -
5 20.00 - -

New Kent
(NK1 and NK2)

1 0.00 0.00 0.00
2 0.00 1.00 1.00
3 0.00 2.00 2.00
4 0.00 3.00 3.00
5 3.33 0.00 3.33
6 3.33 1.00 4.33
7 3.33 2.00 5.33
8 3.33 3.00 6.33
9 6.66 0.00 6.66

10 6.66 1.00 7.66
11 6.66 2.00 8.66
12 6.66 3.00 9.66
13 10.00 0.00 10.00
14 10.00 1.00 11.00
15 10.00 2.00 12.00
16 10.00 3.00 13.00

† Total retained residues here refer to the summation of corn stover and wheat straw residue treatments allocated
in 2015 and 2016. Soybean residues, even when part of the rotation, are not considered here.

2.2. Experiment 2 and 3

Two experiments were conducted in New Kent, Virginia (NK) in the Coastal Plain
region (37◦32′34.2” N 76◦53′43.9” W). Experiments were initiated at different crop phases
of the same corn–wheat/soybean (CWS) rotation, with one set of residue return treatments
initiated in the wheat phase of the rotation in June 2015 (NK1) and another set of identical
treatments initiated after corn harvest in September 2015 (NK2). Soils in both sites were
classified as Altavista sandy loam (fine-loamy, mixed, semiactive, thermic Aquic Hap-
ludults) [43]. Both experiments at NK utilized an RCBD with a factorial arrangement of
sixteen treatments resulting from the combination of four residue retained rates each for
corn (0, 3.33, 6.66 and 10.00 Mg ha−1) and wheat (0, 1.00, 2.00 and 3.00 Mg ha−1) (Table 1).
Soybean residues were not harvested, as the scarce aerial biomass produced by this crop
and difficulties related to residue harvesting prevent its use as a biofuel feedstock. Total
annual retained residues from both corn and wheat were also calculated (Table 1). Four
replications were established, resulting in 64 EU per experiment, with 16 EU per replication.
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Each EU was 4.6-m wide by 9.1-m long, and residue retention rates for each corn and wheat
were calculated as in Experiment 1 based on an HI of 0.45. Treatments retaining 0, 3.33, 6.66
and 10.00 Mg dry corn stover ha−1, and 0, 1.00, 2.00, and 3.00 Mg dry wheat straw ha−1

corresponded to approximately 0, 33, 66 and 100% of the total stover and straw produced
in this location.

Pest control, fertility, plant density, and planting and harvesting dates all followed
recommended best practices to optimize relevant grain yields for both locations, according
to Virginia Cooperative Extension Recommendations [45]. Detailed information on the
management applied to these experiments can be seen in Table 2 (CC rotation, Blacksburg)
and Table 3 (CWS rotation, New Kent; example provided for NK1 site; similar management
was applied for NK2 site).

Table 2. Detail of the management practices applied to continuous corn in the period 2015–2017 at
Kentland Farm, Blacksburg, VA, USA.

2015 2016 2017
Fertilizer application date 4 May 4 July 19 June
N–P2O5–K2O, kg ha−1 43-43-43 56-0-0 56-0-0
Seeding date 3 May 9 May 11 May
Tillage No-till No-till No-till
Genotype P1498HR P1498HR P1498HR
Seed rate, seeds ha−1 69,189 69,189 69,189
Seed rate, kg ha−1 - - -
Row width, cm 76 76 76

Herbicides date 4 May (pre-emerg); 10 June
(post-emerg) 9 May (all); 24 May (barley silage) 2 May

Pre-emergent
2,4 D (Dimethylamine salt) 0.498 kg a.i. ha−1 0.498 kg a.i. ha−1

Bicep II Magnum (Atrazine +
S-Metolachlor)

0.573 kg a.i. ha−1 + 0.351 kg a.i.
ha−1

0.717 kg a.i. ha−1 + 0.439 kg a.i.
ha−1

0.717 kg a.i. ha−1 + 0.439 kg a.i.
ha−1

Atrazine 4L (Atrazine) ‡ 0.235 kg a.i. ha−1

Glystar plus (Glyphosate) § 0.919 kg a.i. ha−1 0.316 kg a.i. ha−1 0.316 kg a.i. ha−1

Post-emergent
Glystar plus (Glyphosate) § 0.460 kg a.i. ha−1 0.316 kg a.i. ha−1

Insecticide date None None None
Fungicide date None None None
Irrigation management None None None
Harvest date € 8-October. Not harvested 20-October

(46.8%) 2,4-Dichlorophenoxyacetic acid. Atrazine (33.0%) 2-chloro-4-ethylamino-6-isopropylamino-striazine; S-
Metolachlor (26.1%) Acetamide, 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl],(S). ‡ Atrazine
(41.9%) 2-chloro-4-ethylamino-6-isopropylamino-striazine. § Glyphosate (41.0%) (N-(phosphonomethyl)glycine).
€ Harvest date for barley cover crop refers to the day when chemical killing is applied to terminate the crop.

2.3. GHG Measurements

Measurement of CO2, CH4 and N2O fluxes was performed by non-static manual
chambers. In 2015, six to eight aluminum chambers (12.5 cm tall by 15 cm diameter) were
placed randomly within non-trafficked inter-rows across the experimental area at each
experiment for baseline GHG measurements. Initial chamber installation for baseline
GHG measures followed corn stover treatment allocation in September (NK2) and October
(BB), and after wheat straw allocation in June (NK1). At least six months after treatment
allocation, measurements in 2016 and 2017 were taken following corn and wheat planting
and harvesting and corn nitrogen fertilization at V4 stage [46] in all four replications of
each study. A timeline chart with the information of each component for both rotations
and the gas sampling protocol for the different studies is shown in Figure 1.
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Table 3. Detail of the management practices performed in NK1 in the period 2014–2017 at Lanexa, New Kent, VA, USA *.

2014 2015 2016 2017
Wheat Wheat (Cont.) Soybean Corn Wheat Wheat (Cont.)

Fertilizer application date 5 November 19 March - 2 November 15 March
2-April 5-April

N–P2O5–K2O, kg ha−1 40-60-80 67-0-0 - 40-60-80 67-0-0
67-0-0 - 67-0-0

Seeding date 28 October - 23 June 15 April 25 October -
Tillage No-till No-till No-till No-till No-till No-till
Genotype USG 3404 - Asgrow 5332 Channel 197-31 USG 3404 USG 3404
Seed rate, seeds ha−1 - - 346,000 59,300
Seed rate, kg ha−1 0 - - - 135 -
Row width, cm 19 19 19 76 19 19
Herbicides -

Pre-emergent 15 April
Atrazine 4L (Atrazine) - - - 0.235 kg a.i. ha−1 - -
Glystar plus (Glyphosate) ∑ - - - 0.919 kg a.i. ha−1 - -

Post-emergent 23 November 1 April - 15 May. 21 November 3 April
Metribuzin 75 (Metribuzin) ¥ 0.039 kg a.i. ha−1 - - - 0.039 kg a.i. ha−1 -
Prowl H2O (Pendimethalin) ₤ 0.309 kg a.i. ha−1 - - - 0.309 kg a.i. ha−1 -
Glystar plus (Glyphosate) ∑ - - - 0.460 kg a.i. ha−1 - -
Harmony SG

(Thifensulfuron-methyl) - 0.092 kg a.i. ha−1 - - - 0.092 kg a.i. ha−1

Insecticide date 23-Nov 1 April - - 23-Nov 1 April
Baythroid XL (ß-cyfluthrin) Ω 0.002 kg a.i. ha−1 - - - 0.002 kg a.i. ha−1 -
Warrior T (Lambda-cyhalothrin) † - 0.001 kg a.i. ha−1 - - - 0.001 kg a.i. ha−1

Fungicide date - 1 April; 14 May - - 2 April; 11 May
QuiltXcel (Azoxystrobin +

Propiconazole)
- 0.022 + 0.017 kg a.i. ha−1 - - 0.022 + 0.017 kg a.i. ha−1

Prosaro (Prothioconazole +
Tebuconazole) § - 0.020 + 0.020 kg a.i. ha−1 - - 0.020 + 0.020 kg a.i. ha−1

Growth regulator date None 1 April - - - 3 April
Palisade EC ‡ - 0.002 kg a.i. ha−1 - - - 0.002 kg a.i. ha−1

Irrigation management None None None None
Harvest date - 22 June 6 September - 22 June

* Plot 2, initiated after corn harvest in September 2015, had similar treatments than Plot 1. Atrazine (33.0%) 2-chloro-4-ethylamino-6-isopropylamino-striazine; S-Metolachlor
(26.1%) Acetamide, 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl],(S). ∑ Glyphosate (41.0%) (N-(phosphonomethyl)glycine). ¥ Metribuzin (75%): 4-Amino-
6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4-triazin-5 (4H)-one. ₤ Pendimethalin (38.%): N-(1 -ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine. Thifensulfuron-methyl (50%):
Methyl 3-[[[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl) amino]carbonyl]amino]sulfonyl]-2-thiophenecarboxylate. Ω ß-cyfluthrin (12.7%): Cyano(4-fluoro-3-phenoxyphenyl)methyl-3-(2,2-
dichloro-ethenyl)-2,2-dimethyl-cyclopropanecarboxylate. † Lambda-cyhalothrin (11.4%): [1α(S*),3α(Z)]-(±)-cyano-(3-phenoxyphenyl)methyl-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-
2,2-dimethylcyclopropanecarboxylate. Azoxystrobin (13.5%): Methyl (E)-2-{2-[6-(2-cyanophenoxy)pyrimidin-4-yloxy]phenyl}-3-methoxyacrylate; Propiconazole (11.7%): 1-[[2-(2,4-
dichlorophenyl)-4-propyl-1,3-dioxolan-2-yl]methyl]-1H-1,2,4-triazole. § Prothioconazole (19%): 2-[2-(1-Chlorocyclopropyl)-3-(2-chlorophenyl)-2-hydroxypropyl]-1, 2-dihydro-3H-1,
2,4-triazole-3-thione; Tebuconazole (19%): alpha-[2-(4-chlorophenyl)ethyl]-alpha-(1, 1-dimethylethyl)-1H-1, 2,4-triazole-1-ethanol. ‡ Trinexapac-ethyl (12.0%): Cyclohexanecarboxylic
acid, 4-(cyclopropylhydroxymethylene)-3,5-dioxo-, ethyl ester(95266-40-3).
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Figure 1. Chronological chart with the detail of the full crop rotations and the gas sampling protocol
for Blacksburg and New Kent (NK1 and NK2) sites in Virginia (top); information including sequential
sampling order, effective date of sampling and main crop management milestone at the time of gas
sampling for each study (bottom).

For each sampling event, metal chambers were field installed four to six days before
GHG collection. This schedule allowed the collection system to reach a new equilibrium
state and facilitated proper soil-to-chamber contact. Chambers were hammered into the
soil to a depth of 7.5 cm, leaving 5 cm of the chamber above ground level and open for
normal soil–atmosphere dynamic exchange until gas sampling (Figure 2). For chamber-
to-chamber headspace volume corrections, headspace height measurements were taken
at four different points within the open space of each chamber. At sampling time, each
chamber was covered with a plastic cap. The cap was fitted with two rubber septum
stoppers, the first to allow gas collection and the second to avoid vacuum development
during sampling. Capping times were recorded, and 30 mL gas samples collected one hour
after the recorded capping time for each chamber. All sampling occurred between 1600
and 1800 h. Gas samples were then transferred to 30 mL pre-evacuated borosilicate glass
vials assembled with butyl stoppers and aluminum seals (Figure 2). Before sampling, glass
vials had been evacuated using a vacuum pressure pump by flushing alternate cycles of N2
air (3 cycles) followed by CO2-free air (4 cycles) for 3 min each, with 7 cycles and a total
flushing time of 21 min per glass vial. Following gas sampling, all chambers were removed
from the field plots until the next sampling time. Gas samples were analyzed for CO2, CH4
and N2O relative concentrations with a GC-2014 Gas Chromatograph (Shimadzu Scientific
Instruments, Columbia, MD, USA). Chromatograph calibration followed the procedures
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of [28]. Briefly, a thermal conductivity detector and a flame ionization detector, both with
dual flow rate differential systems, were utilized for CO2 and CH4 concentration analysis,
respectively. Helium was used as the carrier gas, while hydrogen and hydrocarbon-free air
were used as the flame gases for CH4 detection. Nitrous oxide concentration was analyzed
by electron capture detector with a fixed system using 63Ni370MBq as radiation source and
argon/methane mixture as the carrier gas. Detector temperature was set at 350 ◦C in all
cases. Low, medium, and high standard concentrations were used for each gas (N2O: 0.37,
1.00, and 5 ppm; CH4: 1.00, 5.00, and 10 ppm; CO2: 370, 1750, and 5000 ppm). Standards
were run in duplicate to calibrate the chromatograph prior to each gas analysis.
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2.4. GHG Flux Calculation

Moles (n) of CO2, CH4 and N2O per mL of gas:

n =
10−3 × P

R× T
(1)

where n is in moles mL−1; 10−3 = conversion factor (L mL−1); P = 1 is the standard
atmospheric pressure in atmospheres (atm); R = 0.0821 l atm K−1 mol−1 is the universal
gas constant; and T = 298 K is the standard temperature in Kelvin degrees.

CO2, CH4 and N2O gas mass per milliliter:

Gm = n× C×Mw × 103 (2)
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where Gm is the gas mass in mg mL−1; C = gas concentration from chromatograph reading,
as volume fraction; Mw = molecular weight of CO2, CH4 and N2O (i.e., 44.0095; 16.0425;
and 44.0128, respectively), in g mole−1; and 103 = conversion factor (mg g−1).

Total CO2, CH4 and N2O gas mass per chamber:

TGM = Gm ×Vc (3)

where TGM is the total gas mass per chamber, in mg; and Vc = volume of the chamber,
in mL.

Flux of CO2, CH4 and N2O gas flux per unit area and time:

q =
TGM
A× T

× K (4)

where q is the gas flux; A is the cross-sectional area of the chamber, in m2; T = 1 is the total
time the chamber was capped with a lid, in hours; and K = 24 is the conversion factor from
hours to day. Because of the relative magnitudes of the fluxes, CO2 flux is expressed in
units of g m−2 day−1 while CH4 and N2O are expressed in units of mg m−2 day−1.

2.5. Weather Data

Weather data for the NK sites were obtained from the National Oceanic and Atmo-
spheric Administration’s (NOAA) National Climate Data Center weather station in West
Point, VA (https://www.ncdc.noaa.gov/cdo-web/search accessed on Date 1 January 2022).
Total accumulated rainfall (mm), and daily average air temperatures (◦C) were collected
from the beginning of May through the end of October at New Kent, VA, USA (Figure 3).
Weather data obtained from the Kentland Farm weather station in Blacksburg were used
for specific comparisons but are not presented here.
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2.6. Data Analysis

To examine the relationship between CO2, CH4 and N2O fluxes and the treatment
rates of residue retention, linear regression analysis was conducted using the PROC REG
procedure in SAS version 9.4 [47] (SAS Institute, 2014). Regression equations for each gas
flux as a function of either corn stover, wheat straw or the total summation of both were
developed using either quadratic or linear models depending on R2 values and model
p-values, with significance set at p ≤ 0.10. The minimum, maximum and mean for each
comparison were also calculated (Table 4). In three particular comparisons within a site
or year (i.e., 2016 vs. 2017 in BB site; NK1 vs. NK2 in year 2016; and May vs. October
2017, in NK2 site) a mean separation and analysis of variance GLIMMIX procedure was
conducted in SAS version 9.4 [47] to test the average effects of residue retained treatments
on gas fluxes with significance set at p ≤ 0.10. At Blacksburg, five corn stover retained rates
(0.00, 3.33, 6.66, 10.00 and 20.00 Mg ha−1) were considered as the treatment for the model
effects both in 2016 and 2017. At New Kent, treatments applied in 2015 were the treatments
considered in the analysis of GHG emissions in 2016. These included four stover retained
rates applied at NK2: 0.00, 3.33, 6.66 and 10.00 Mg ha−1, and four straw retained rates
applied at NK1: 0.00, 1.00, 2.00 and 3.00 Mg ha−1. In 2017, the total retained residues that
resulted from the factorial combination of four corn stover treatments allocated in 2015 and
four wheat straw treatments allocated in 2016 in NK2 were considered in the model. The
INFLUENCE statement was used to assess for the presence of outliers.

Table 4. Quadratic regression parameters, coefficients of determination (R2), p-values (Pr > t),
and range and mean response values for CH4 (mg m−2 day−1), N2O (mg m−2 day−1), and
CO2 (g m−2 day−1) fluxes under different corn stover (CS) and wheat straw (WS) management
in 2016 and 2017 in Blacksburg and New Kent, Virginia.

Blacksburg (BB) Parameter
R2.3 Pr > t Range Mean

Timing † a b c

June 2016 (CS)
CH4, mg m−2 day−1 0.0036 −0.0365 3.45 0.514 0.048 2.74–4.52 3.55
N2O, mg m−2 day−1 0.0052 −0.0510 4.89 0.516 0.051 3.91–6.52 5.06

CO2, g m−2 day−1 0.0048 −0.0556 4.69 0.258 0.195 3.83–6.40 4.78

June 2017 (CS)
CH4, mg m−2 day−1 −0.0011 0.0413 4.18 0.121 0.363 3.42–5.01 4.38
N2O, mg m−2 day−1 −0.0025 0.0612 6.19 0.042 0.467 5.10–7.51 6.39

CO2, g m−2 day−1 −0.0015 0.0523 6.60 0.067 0.494 5.59–8.11 6.86

New Kent, experiment 1 (NK1) Parameter
R2 Pr > t Range Mean

Timing ‡ a b c

October, 2016 (WS)
CH4, mg m−2 day−1 −0.2239 0.5448 1.34 0.110 0.304 0.04–3.93 1.71
N2O, mg m−2 day−1 0.0600 −0.1371 0.96 0.020 0.669 0.02–0.92 0.41

CO2, g m−2 day−1 0.0095 −0.5457 3.62 0.020 0.718 0.22–2.14 0.99

New Kent, experiment 2 (NK2) Parameter
R2 Pr > t Range Mean

Timing a b c

July 2016 (CS)
CH4, mg m−2 day−1 0.0152 −0.1506 4.02 0.132 0.223 3.17–5.06 4.07
N2O, mg m−2 day−1 0.0286 −0.2667 5.44 0.202 0.151 3.15–6.91 5.42

CO2, g m−2 day−1 0.0375 −0.3377 5.23 0.249 0.114 2.78–6.86 5.27

May 2017 (CS + WS)
CH4, mg m−2 day−1 −0.0080 0.0911 4.04 0.107 0.020 3.57–5.22 4.17
N2O, mg m−2 day−1 −0.0096 0.1044 5.51 0.090 0.049 4.48–7.30 5.65

CO2, g m−2 day−1 −0.0081 0.0780 5.97 0.074 0.135 5.19–7.78 6.02

October 2017 (CS + WS)
CH4, mg m−2 day−1 −0.0258 0.4350 2.17 0.087 0.138 0.22–7.48 3.51
N2O, mg m−2 day−1 0.0028 −0.0364 3.69 0.001 0.885 0.67–7.55 3.62

CO2, g m−2 day−1 −0.0099 0.1942 3.28 0.012 0.682 0.43–10.06 4.01

† Measurements taken following corn planting on 7 June 2016, and 12 June 2017, corresponding to sampling times
4 and 8 in Figure 1, respectively. ‡ Measurements taken following corn harvest on 16 October 2016, corresponding
to sampling time 6 in Figure 1. Measurements taken following wheat harvest/soybean planting, N fertilization at
V4 in corn, and corn harvest on 12 July 2016, 29 May 2017, and 16 October 2017, respectively. Dates corresponding
to sampling times 5, 7 and 9 in Figure 1, respectively.
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3. Results and Discussion
3.1. Data Analysis

Quadratic models were significant in four out of eighteen comparisons (Table 4), with
CH4 and N2O fluxes affected by different rates of residue retention in BB in 2016 and in
NK2 in May 2017 (Table 4). Linear regression models were not significant (p > 0.10) in any
comparison. As a result, the parameters for the quadratic model, the higher order model
in our comparisons, are presented in Table 4, with a, b, and c being numerical coefficients
different than zero in the equation Y = ax2 + bx + c, where Y represents the estimated
CH4, N2O (both in mg m−2 day−) or CO2 (in g m−2 day−1) gas flux and x a particular
retained residue treatment (in Mg ha−1). When the quadratic models were significant, the
derivative of the curve was used to calculate the inflection point as x’ = −b/2a, where x’
represents either the maximum or minimum point of the quadratic curve across the range
of responses.

3.2. Effect of Corn Stover Retained Rates on GHG Emissions

Mean CO2, CH4, N2O measured in mid-June differed between 2016 and 2017 in BB
(p ≤ 0.0016). Soil moisture content and soil temperature can have a profound impact on
the rates of C mineralization, nitrification, denitrification and microbial respiration from
soil, thus impacting the resulting GHG fluxes from soil [22,25,48–51]. In 2017, mean CO2,
CH4, N2O fluxes across treatments were 43%, 23%, and 26% greater (p ≤ 0.001) than those
measurements taken in 2016 (Table 4). This was likely due to the direct effect of greater soil
moisture content (65% more precipitation within one week prior to readings) and indirect
effect of greater air temperature (around 2 ◦C more at reading time) on soil temperature
in 2017. The impact of air temperature on soil temperature, a main factor controlling the
rates of GHG emissions in different environments, has been extensively cited [1,52,53].
Lenka and Lal [28], found greater CO2 and N2O fluxes with increases in both soil and air
temperature. Similarly, increased anaerobic conditions resulting from greater soil moisture
content resulted in greater CH4 and N2O fluxes in other experiments [28,54]. However,
conditions favoring greater gas flux emissions may have also generated more variability in
the samples collected in 2017, when standard errors for the calculated gas fluxes were, on
average, 13% greater than values in 2016. Approximately 26–52% and 4–12% of the total
variability in gas flux emissions were explained by the quadratic models in 2016 and 2017,
respectively (Table 4).

Rates of corn stover retained (i.e., 0.00, 3.33, 6.66, 10.00 and 20.00 Mg ha−1) did not
affect CO2 emissions following corn planting in a continuous corn rotation at BB in 2016
(p = 0.195) or 2017 (p = 0.494). Corn stover retained rates affected the CH4 and N2O fluxes
in 2016 (p = 0.048 for CH4 and p = 0.051 for N2O; Figure 4) but not in 2017 (p = 0.363 for
CH4 and p = 0.467 for N2O; Table 4). When differences were significant, minimum points
in the regression curve (x’) corresponded to corn stover retained rates of 5.07 Mg ha−1 for
CH4 and 4.90 Mg ha−1 for N2O. Predicted CH4 and N2O responses at the minimum stover
retained rates were 3.36 mg m−2 day−1 for CH4 and 4.76 mg m−2 day−1 for N2O (Figure 4).
Increasing the amount of stover retained in the range of 0 to ~5 Mg ha−1 (50% retained rate)
gradually decreased CH4 and N2O fluxes, but reductions were <3% in both cases, similar to
reports from Baker et al. [19] and Jin et al. [29] in a 2 year study in Minnesota. On the other
hand, stover retained rates ≥5 Mg ha−1 gradually increased CH4 and N2O up to 24% and
25% (calculated values of 4.16 and 5.94 mg m−2 day−1 in the regression curve) respectively,
corresponding to maximum retention rates of 20 Mg ha−1 (200% retained rate). Previous
studies [19,26,27,29] did not include the 50% corn stover retained rate.

For NK2, corn stover treatments (i.e., 0.00, 3.33, 6.66 and 10.00 Mg ha−1) did not affect
flux of any GHG (CH4, p = 0.223; N2O, p = 0.151; CO2, p = 0.114) measured within 20 day
of wheat harvest and soybean planting around mid-July 2016. During this sampling time,
resulting models explained 13–25% of the total variability in the gas flux emissions (Table 4).
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Figure 4. Flux of CH4 and N2O (mg m−2 day−1) under five corn stover retained rates following
corn planting in a continuous corn rotation in 2016 in Blacksburg, Virginia. Polynomial best fit
line, quadratic equation and coefficient of determination (R2) are presented for each gas. Mini-
mum points (x’ = −b/2a) and their associated gas response fluxes (mg m−2 day−1) were calculated
for each significant quadratic function and are symbolized by an oversized solid shape (circle,
N2O = [(0.0052 × 4.902) – (0.051 × 4.90) + 4.8946] = 4.76 mg m−2 day−1); diamond,
(CH4 = [(0.0036 × 5.072) – (0.0365 × 5.07) + 3.4499] = 3.36 mg m−2 day−1).

Similarly to other reports [29,55], CO2 fluxes represented more than 90% of the total
GHG emissions across all comparisons in both studies. The range of CO2 flux in the loam
soils at BB in 2016 and 2017 (3.83 to 8.11 g m−2 day−1) more closely aligned with the range
of emissions (5.70 to 9.51 g m−2 day−1) reported by Wei et al. [51], who worked with a clay
soil. Those authors studied CO2 emissions in a continuous corn rotation in response to
soil moisture and temperature at different landscape positions. In both cases, the ranges
of CO2 flux were greater than values observed in the sandy loam soil at NK2 (2.78 to
6.86 g m−2 day−1; Table 4).

Retaining 0.00 Mg ha−1 of corn stover for one year in NK2 (July 2016) and for two
consecutive years (2017; BB) did not affect the emissions of any gas compared with the
retention of 10 Mg ha−1 (100% retained rate) of corn stover (Table 4). Similar results were
recently found by Guzman et al. [55] in a study conducted under a continuous corn rotation
at two locations in Iowa. In that study, retaining 0% or 100% of the corn stover had no
effect on cumulative CO2 emissions during the crop season (i.e., April through October) in
2 out of 3 years in a clay loam soil, and in the CO2 and N2O emissions across two years
in a silty clay loam soil. Those results likely occurred because only small differences in
soil temperature and water content across residue treatments were measured in those
well-drained soils, which was similar to the defining characteristics for the very deep soils
used in our experiments. In other studies, retaining 0% corn stover at harvest reduced
emissions of CO2 by 4 to 11% [19,26,29], and N2O by 7 to 51% [26,27,29] compared with
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100% retention, but did not affect CH4 fluxes. In those studies, the cumulative fluxes of the
three gases were compared for periods of time longer than a year, with more variable soil
water content and temperatures over the period under analysis. Moreover, comparisons
were restricted to treatments retaining either 0% or 100% corn stover.

3.3. Effect of Wheat Straw Retained Rates on GHG Emissions

There was no significant effect on the corn post-harvest CH4 (p = 0.304), N2O (p = 0.669)
and CO2 (p = 0.718) emissions measured in mid-October 2016 following one year of wheat
straw management at NK1 (Table 4). This is in contrast to Lenka and Lal [28], who studied
GHG emissions in a 15-year residue management study with three wheat straw application
rates (0, 8, and 16 Mg ha−1 year−1) and two fertilization rates (0 and 244 kg N ha−1 year−1)
under no-till management in Ohio. In their study, the 0 and 8 Mg ha−1 year−1 retention rate
treatments had lowest CO2 (1.587 g m−2 day−1) and N2O (0.510 mg m−2 day−1) emissions
for both fertilization rates. On the other hand, retaining 16 Mg ha−1 year−1 of wheat
straw combined with N application increased average CO2 (2.306 g m−2 day−1) and N2O
(1.020 mg m−2 day−1) fluxes by 45% and 100%, respectively. Incorporating wheat straw
at 8 and 16 Mg ha−1 year−1 (both with and without fertilizer) resulted in CH4 emissions
ranging from 0.108 to 3.153 mg m−2 day−1 [28]. The discrepancy with our results is likely
explained by factors included by Lenka and Lal [28], but not in our study. These include
(a) the use of maximum straw retention rates more than five times greater than rates used
in our experiment (16 vs. 3 Mg ha−1 year−1, respectively); (b) the likely cumulative effect
of 15 year of wheat straw management, compared with the single year-effect in our study
at the time when measurements were collected; (c) nitrogen treatment that interacted
with straw rates and affected all three gas fluxes in their study; and (d) the lack of crops
grown over the 15 year where treatments were allocated. The authors also used straw from
external sources, a situation that does not reproduce certain conditions found in productive
environments under intensive management, such as the presence of plant roots and the
traffic of machinery for different labors. Despite such variations in experimental design,
the range of responses for CH4 (0.04 to 3.93 in our study vs. 0.11 to 3.15 mg m−2 day−1

in Lenka & Lal [28], N2O (0.02 to 0.92 vs. 0.46 to 1.02 mg m−2 day−1), and CO2 (0.22 to
2.14 g m−2 day−1 vs. 1.51 to 2.31) in our study were similar to those reported by Lenka
and Lal [28].

The lowest absolute values for CH4 (0.04 mg m−2 day−1), N2O (0.02 mg m−2 day−1),
and CO2 (0.22 g m−2 day−1) across locations and years were measured at this sampling time
(10 October 2016; Table 4). Following one cycle of residue management and for plots with
similar soil series and fertility, CH4, N2O and CO2 emissions across wheat straw retention
rates of 0, 33, 66, and 100% in mid-October at NK1 were 58, 92 and 81% lower (p < 0.0001)
than measurements taken in mid-July at NK2 across similar relative corn retention rates
(Table 4). These differences may be explained as a result of both the lower absolute amount
of wheat residue applied in NK1 (range: 0.00–3.33 Mg ha−1) relative to corn stover applied
in NK2 (range: 0.00–10.00 Mg ha−1), and the lower air temperature around sampling time
in NK1 (15.5 ◦C, 10 October 2016) compared to NK2 (25.3 ◦C on 12 July 2016), as previously
discussed. These observations agree with reports from Lenka and Lal [28], who calculated
positive correlations between air and soil temperature with CO2 (0.71 and 0.68) and N2O
(0.64 and 0.45) fluxes, respectively.

3.4. Combined Effect of Corn Stover and Wheat Straw Retained Rates on GHG Emissions

Total retained rates resulting from the summation of corn and wheat residue treatments
allocated in 2015 and 2016 in NK2 affected both the CH4 (p = 0.020) and the N2O (p = 0.049)
but not the CO2 (p = 0.135) fluxes measured after a corn V4 nitrogen fertilization at the
end of May 2017 (Table 4). When differences were significant, calculated inflection points
for the regression curve corresponded to total residue retained rates of 5.69 Mg ha−1 for
CH4 and 5.44 Mg ha−1 for N2O, respectively. Predicted responses at the maximum total
retained rates were 4.30 and 5.79 mg m−2 day−1 for CH4 and N2O, respectively. However,
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significant differences in both CH4 and N2O fluxes across treatments in this sampling time
do not seem to be biologically meaningful. The best fitting line for each quadratic model
had only slight curvature across the range of predicted values for the residue-retained
treatments and the proposed model explained only about 10% of the total variability in each
case (Figure 5). In fact, the differences between numerical lowest and highest predicted
values across the sixteen treatments for both gas fluxes were less than 10% (Figure 5).
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Figure 5. Flux of CH4 and N2O in a factorial design of sixteen total residue retained rates from
corn and wheat following a V4 corn nitrogen fertilization in a corn-wheat/soybean rotation in
2017 in New Kent, experiment 2 (NK2), Virginia. Predictor variable total residue retained refers
to the sum of corn stover and wheat straw residue treatments allocated in 2015 and 2016. Poly-
nomial best fit line, quadratic equation and coefficient of determination (R2) are presented for
each gas. Maximum points (x’ = −b/2a) and their associated gas response fluxes for each signif-
icant quadratic model were calculated and are symbolized by an oversized solid shape (circle,
N2O = [(−0.0096 × 5.442) + (0.1044 × 5.44) + 5.5115] = 5.79 mg m−2 day−1); diamond,
(CH4 = [(−0.0080 × 5.692) + (0.0911 × 5.69) + 4.036] = 4.30 mg m−2 day−1).

In the same experiment, two years of residue treatments did not have an effect on the
CH4 (p = 0.138), N2O (p = 0.885), or CO2 (p = 0.682) fluxes measured following corn harvest
during October 2017 (Table 4). Despite the similarity of gas fluxes among treatments, the
data had substantial variations in dispersion between different sampling times: while the
difference between numerical lowest and highest CH4, N2O and CO2 fluxes were <10% at
the end of the May 2017 sampling time, the differences for similar comparisons were ~24%
for measurements taken in mid-October 2017. In fact, the magnitude of standard errors
for the measurements taken in October 2017 at NK2 represented between 32 and 54% of
the average flux of each gas. In both cases, gas samples (sampling times 7 and 9; Figure 1)
were taken more than 1.5 year after the corn stover treatments allocation in September 2015.
However, less than a year elapsed between wheat straw treatment allocation in June 2016
and the post-V4 fertilization sampling in May 2017. Conversely, when samples were taken
in mid-October 2017, wheat straw residues had been on the soil surface for a longer time
(about 1.5 year; Figure 1), and thus exposed to additional weathering effects of temperature
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and rainfall during summer 2017 (Figure 3). As a result of this longer weathering process,
intact straw biomass left on the surface was lower in mid-October and may, in turn, have
fostered more interactions with the already decomposed corn residues. This process likely
created the greater GHG data dispersion in the measurements taken later in the year.
Unfortunately, there is a noticeable lack of experiments in the literature that have addressed
the combined effects of corn and wheat residues simultaneously removed or retained
in a corn-wheat/soybean rotation. To the best of our knowledge, no other similar field
experiment has been reported in the literature. Recent evidence from a four-year study
conducted in Illinois on silty clay loam and silt loam soils with no residue management
applied indicated that maximum CO2 and N2O emissions for a corn-wheat/soybean
rotation were greater than those emissions from a continuous soybean rotation but similar
to emissions from a continuous corn and a corn-soybean rotation [56].

Fertilization with 56 kg N ha−1 at the corn V4 stage greatly impacted the size of the
GHG fluxes measured at the end of May 2017 in NK2 compared with measurements taken
four months later in the corn-wheat/soybean rotation. Lenka and Lal [28] reported signifi-
cant increases in CH4, N2O, and CO2 fluxes following the addition of 244 Kg N ha−1 year−1

versus no N addition in most comparisons. Based on data from several authors [57–61]
it is estimated that approximately 1% of the N present in both synthetic and organic fer-
tilizers and in crop residues would be emitted from soils as N2O. Additionally, higher
soil N availability following N fertilization stimulates residue decomposition [32,62,63]
and reduces CH4 oxidation [28], resulting in both greater CH4 and CO2 emissions. In
other cases, N fertilization with [37] or without [1,64] crop residue additions resulted in
significant increases in the N2O fluxes from the soils. In our study, average CH4, N2O, and
CO2 fluxes within 10 days from a V4 nitrogen fertilization in corn were 19, 56 and 50%
greater (p < 0.0001) than similar comparisons taken at the same plot in mid-October 2017.

4. Conclusions

Our objective was to compare the relative, not the absolute cumulative GHG emissions,
from various residue retained rates in two cropping systems in the Mid-Atlantic USA. Thus,
we deemed appropriate the use of manual instead of automated chambers. This allowed us
to use up to 64 chambers at the same time across 16 treatments, a number three to five times
greater than the amount of simultaneous automated chambers used in most field studies
cited in the literature. To date, most studies have addressed the impact of 0, 50 and 100%
corn stover and wheat straw removal or retained rates on GHG fluxes, with data measured
at only two or three replications at a time from soils under a continuous corn rotation
scheme, and none has addressed the issue from a rotational corn-wheat/soybean cropping
system. Remarkably, the continuous corn or wheat approach does not address the inherent
complexity of current agricultural systems. Our removable manual chamber system did
not interfere or precluded any of the crop management activities that would otherwise be
performed in our “on-farm” research and was able to pick up small changes in weather and
soil moisture across sampling times. The lack of reproducibility, the “monoculture” system
approach and the experimental design shortcomings of a substantial part of the published
GHG studies utilizing automated chambers must be promptly reassessed in the future.

Following one year of stover management, retaining ~50% (5 Mg ha−1) or more of
the stover from the previous year gradually increased CH4 and N2O in the loamy soil
in Blacksburg up to 24% and 25%, with maximum CH4 and N2O fluxes following 200%
retention rates (i.e., 20 Mg ha−1). However, two cycles of corn stover management in this
location, and one cycle of corn or wheat residue management in the sandy loam soils in
both experiments at New Kent, did not affect measured fluxes of any gas. The combined
effect of corn and wheat residues simultaneously managed for extended uses only had an
impact in the CH4 and N2O fluxes following a corn V4 N fertilization at NK2, but these
results were not biologically meaningful. These findings suggest that, while short-term
residue management may not affect GHG fluxes in most cases, retaining 50% or less of
the crop residues has the potential to reduce GHG fluxes, while providing the farmer with
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an extra source of income. Our study is a first effort aiming to understand the impacts
that crop residue management in complex biofuel systems have on GHG emissions. More
studies of this type are warranted to start building a body of knowledge, absent at this
time, in this sense.
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