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Nitrous oxide (N2O) is a potent greenhouse gas with implication for climate change. Agriculture
accounts for 10% of all greenhouse gas emissions in the United States, but 75% of the country’s N2O
emissions. In the absence of PRE herbicides, weeds compete with soybean for available soil moisture
and inorganic N, and may reduce N2O emissions relative to a weed-free environment. However, after
weeds are killed with a POST herbicide, the dead weed residues may stimulate N2O emissions by
increasing soil moisture and supplying carbon and nitrogen to microbial denitrifiers. Wider soybean
rows often have more weed biomass, and as a result, row width may further impact how weeds
influence N2O emissions. To determine this relationship, field studies were conducted in 2013 and
2014 in Arlington, WI. A two-by-two factorial treatment structure of weed management (PRE +
POST vs. POST-only) and row width (38 or 76 cm) was arranged in a randomized complete block
design with four replications. N2O fluxes were measured from static gas sampling chambers at least
weekly starting 2 wk after planting until mid-September, and were compared for the periods before
and after weed termination using a repeated measures analysis. N2O fluxes were not influenced by the
weed by width interaction or width before termination, after termination, or for the full duration of
the study at P # 0.05. Interestingly, we observed that POST-only treatments had lower fluxes on the
sampling day immediately prior to POST application (P 5 0.0002), but this was the only incidence
where weed influenced N2O fluxes, and overall, average fluxes from PRE + POST and POST-only
treatments were not different for any period of the study. Soybean yield was not influenced by width
(P 5 0.6018) or weed by width (P 5 0.5825), but yield was 650 kg ha21 higher in the PRE + POST
than POST-only treatments (P 5 0.0007). These results indicate that herbicide management strategy
does not influence N2O emissions from soybean, and the use of a PRE herbicide prevents soybean
yield loss.
Nomenclature: Soybean; Glycine max (L.) Merr.
Key words: Climate change; N2O emissions; preemergence herbicide; postemergence herbicide;
weed growth and decomposition.

Nitrous oxide (N2O) is a greenhouse gas 310 times
more potent than carbon dioxide (CO2) in its ability
to trap and radiate heat in Earth’s atmosphere
(USEPA 2014). Agriculture accounts for 10% of all
greenhouse gas emissions in the United States but
75% of the country’s N2O emissions (USEPA 2014).
In the agricultural sector N2O is typically associated
with corn (Zea mays L.) production, where increased
nitrogen (N) fertilization is related to higher N2O
emissions (Hoben et al. 2011; McSwiney and

Robertson 2005; Millar et al. 2010; Mosier et al.
2006; Parkin and Kaspar 2006). Because soybean
production does not rely on N fertilizers like corn
production does, N2O emissions from soils planted
with soybean are generally two to five times lower
than N2O emissions from soils planted with corn
(Drury et al. 2008; Nangia et al. 2013; Parkin and
Kaspar 2006; Wagner-Riddle et al. 2007). For
example, N2O emissions were 3.1 times lower for
monoculture soybean (0.84 kg N ha21) than mono-
culture corn (2.62 kg N ha21) when data were
averaged over three growing seasons in Ontario,
Canada (Drury et al. 2008). Even though emissions
from soybean are lower than those from corn, they
are important to understand given the environmental
impact of N2O.

N2O emissions are influenced by soil nitrate
(NH2

3 ), ammonium (NH2
4 ), carbon (C), water

availability, pH, and temperature (Bateman and
Baggs 2005; Bouwman 1990; Bremner and Shaw
1958; Weier et al. 1993; Zumft 1997). Management
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practices that alter these properties in the soil,
therefore, can influence N2O emissions. In soybean,
row width and weed management strategy are
interrelated factors that may have an impact on
N2O emissions, particularly in respect to weed
growth and how weeds affect soil NH2

3 and water
availability. Weeds compete with crops for soil N
and water (Dalley et al. 2006; Kropff and Van Laar
1993; Patterson 1995; Zimdahl 1980), and as
a result weeds may reduce N2O emissions while
growing. This effect may be greater in wider row
widths where soybean canopy closure occurs later
(Hock et al. 2006; Murdock et al. 1986) and weeds
can accumulate more total biomass than if they were
grown in narrower rows (Légère and Schreiber 1989;
Rich and Renner 2007; Wax and Pendleton 1968).
For example, soybean planted in 76-cm rows
experienced full canopy closure 20 d later than
soybean planted in 19-cm rows, and the biomass of
common sunflower (Helianthus annuus L.) from the
76-cm rows was 375 g plant21, but only 275 g
plant21 in the 19-cm rows (Hock et al. 2006). The
increased weed biomass in wider rows presumes more
uptake of nutrients and competition for water, but in
the absence of weeds several studies in both corn and
soybean have shown discrepancies in whether re-
duced soil moisture or higher evaporative losses are
favored in narrow vs. wide rows (Dalley et al. 2006;
Sharratt and McWilliams 2005; Zhou et al. 2010).

Although selecting a narrow row width is a useful
cultural practice for reducing weed biomass and
growth, herbicide management strategy often proves
to be more important than row width in controlling
weeds (Koger et al. 2002; Nelson and Renner
1998), and ultimately, how weeds may impact N2O
emissions. Compared to a PRE + POST herbicide
management system where weed growth is mini-
mized, weeds in a POST-only management system
could potentially reduce N2O emissions while
growing by reducing soil NO2

3 and water. Howev-
er, after POST herbicide termination, the additional
weed biomass in the POST-only system could
stimulate N2O emissions by increasing soil mois-
ture, supplying C, and encouraging N cycling
(Baggs et al. 2003; Harre et al. 2014; Huang et al.
2004; Lindsey et al. 2013; Wang et al. 2012; Weier
et al. 1993). There is limited research on how weeds
impact N2O emissions, but Garcia-Ruiz and Baggs
(2007) and Garcia-Ruiz et al. (2012) reported that
organic olive (Olea europaea L.)crop weed residues
increased N2O emissions in 28-d laboratory studies.
In one of the studies, soil without residue in-
corporation had cumulative emissions of 12.8 ng

N2O–N g21 soil, but when soil was amended with
common oat (Avena sativa L.), sticky restharrow
(Ononis viscosa L.), and false fennel [Ridolfia segetum
(L.) Moris], emissions increased to 13.6, 18.7, and
22.5 ng N2O–N g21 soil, respectively (Garcia-Ruiz
et al. 2012). As reported in these and other studies,
residue quality, C : N ratio, and placement (e.g.,
surface-applied or incorporated) can affect the rates
of decomposition, N mineralization, and gaseous N
losses (Baggs et al. 2003; Garcia-Ruiz and Baggs
2007; Garcia-Ruiz et al. 2012; Harre et al. 2014;
Huang et al. 2014; Lindsey et al. 2013; Wang et al.
2012).

Many studies have evaluated N2O emissions in
corn, but there are only a few related to N2O
emissions in soybean. None of those studies,
however, has considered how weed management
or row width influences N2O emissions in soybean.
The objectives of this study were to evaluate the
effects of weed management strategy (PRE + POST
vs. POST-only) and row width (38 or 76 cm) on
N2O emissions in Midwest soybean production,
and also to compare emissions between treatments
before and after weed termination.

Materials and Methods

Site Description. Field studies were established in
2013 and 2014 in adjacent fields previously planted
with corn at Arlington Agricultural Research Station
near Arlington, WI (43.30uN, 89.32uW). Soil in
these fields was a well-drained Plano silt loam (fine-
silty, mixed, superactive, mesic Typic Argiudoll). In
2013, soil from a depth of 0 to 15 cm had a pH of
6.6, 3.5% organic matter (OM), and Bray-1 extract-
able P and K concentrations of 31 and 130 mg kg21,
respectively, whereas in 2014 the soil had a pH of 6.4,
3.7% OM, and Bray-1 extractable P and K
concentrations of 45 and 119 mg kg21, respectively.
For the study duration, precipitation totaled 422 mm
in 2013 and 389 mm in 2014, and mean air
temperature was 18.1 C in 2013 and 18.2 C in 2014.

Study Design. This study evaluated N2O emis-
sions influenced by weed management strategy
(PRE + POST vs. POST-only) and row width (38
or 76 cm) as a two-by-two factorial in a glufosi-
nate-resistant soybean system. Treatments were
arranged in a randomized complete block design
with four replications, and plots measured 3 m
wide by 15.4 m long.

On May 14, 2013, and May 22, 2014, plots were
planted with the target soybean population of
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322,000 seeds ha21 using a Kinze 2000 interplanter.
‘Tracy 2213 LL’ glufosinate-resistant soybean seed
with relative maturity 2.2 was used in both years,
and no N or other fertilizers were applied. PRE
treatments of 1.22 kg ai ha21S-metolachlor (Pre-
fixTM, Syngenta Crop Protection, Inc., Greensboro,
NC) plus 0.27 kg ai ha21 fomesafen (Prefix,
Syngenta Crop Protection, Inc.) plus 0.42 kg
ai ha21 metribuzin (SencorH 75 DF, Bayer
CropScience LP, Research Triangle Park, NC) were
applied at a carrier volume of 140 L ha21 within
a day of planting. Weed counts were collected from
two 0.5-m2 quadrats in each POST-only treatment
plot prior to POST application in 2013 and 2014. In
2014, weeds were also harvested for biomass, dried
for 1 wk at 54 C, and analyzed for total C and N
content by dry combustion with a CNS-2000
carbon, nitrogen, and sulfur Analyzer (LECOH, St.
Joseph, MI).

POST application timing of herbicides was made
based on weed community composition and height
according to product label recommendations. As
a result, POST applications varied according to year
and treatment (Table 1), but generally coincided
with a weed height of 5 to 15 cm and the V3 to V5
soybean growth stage. In 2013 POST applications
were made 50 d after planting (DAP) if following
a PRE treatment and 31 DAP for POST-only
treatments; in 2014, all POST applications were
made 42 DAP. POST applications following a PRE
treatment received 0.59 kg ai ha21 glufosinate
(LibertyH 280 SL, Bayer CropScience LP) plus 2.8
kg ha21 spray-grade ammonium sulfate, while
POST-only applications were a tank mixture of
S-metolachlor, fomesafen, and glufosinate at rates
of 1.22, 0.27, and 0.59 kg ai ha21, respectively, along
with 2.8 kg ha21 spray-grade ammonium sulfate.
Soybean was harvested at maturity from the center
1.5 m of each plot using a small plot combine and
yield was adjusted to 13% moisture.

Gas Sampling. Gas samples were collected from
static chambers placed within each plot. Weather
permitting, gas samples were collected weekly from
2 wk after planting until the POST timing, twice
a week for the 2 wk after POST treatment, and every
2 to 3 wk until mid-September. Chambers were
made from white plastic painters’ buckets (23.5 cm
high, 25.4 cm in diam) from which the bottom was
removed. Chamber lids were fitted with a rubber
butyl septum, which was used as a sampling port, and
a vent. The vent was constructed with a brass
bulkhead union (SwagelockH, Solon, OH) and
3.2-mm-diam copper tube (inner diam, 1.65 mm)
cut to 43 cm and coiled to 13 cm in length, and its
purpose was to alleviate air pressure differences within
and outside the chamber that could alter N2O fluxes
(Davidson et al. 2002; Hutchinson and Livingston
2001). The chambers had a footprint of 0.0507 m2

and a headspace volume of 7.7 L (0.0077 m3).
After planting and PRE application, a chamber

was installed in each plot 5 cm deep in the soil, the
recommended depth to prevent lateral gas exchange
under the bottom rim of the chamber wall (Parkin
and Venterea 2010). Chambers in the 38-cm row
width were placed equidistant between two rows,
while in the 76-cm rows chambers were placed
adjacent to one of the rows. This was to make sure
that the soybean population proximal to the
chambers was equally represented at the different
row widths. The chambers remained in the field
throughout the duration of the study and were only
covered with their lids when gas sampling occurred.
Therefore, weeds were able grow within and outside
the chambers and POST herbicides were applied
directly over the chambers to all weeds in the plot.

To collect samples, the lid was secured on the
chamber, and samples were collected immediately
(i.e., time-point 0), and then at intervals of 20, 40,
and 60 min thereafter. Samples were collected from
the chambers by extracting gas with a 30-ml syringe

Table 1. Calendar dates and corresponding days after planting (DAP) for key management events

Planting date and PRE
application POST applied

Last gas sample
collected Harvest

Year Treatment Date DAP Date DAP Date DAP Date DAP

2013 PRE + POST May 14 0a July 3 50 September 16 125 October 10 149
POST-only May 14 0b June 14 31 September 16 125 October 10 149

2014 PRE + POST
and POST-only

May 22 0 July 3 42 September 18 119 October 10 159

a PRE applied 1 DAP.
b No PRE application.
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attached to a stopcock and 23.5-gauge needle that
was inserted through the lid’s rubber butyl septum.
Thirty milliliters of air was drawn out of the sample
chamber, and 20 ml of that sample was then
injected into a 5.6-ml vial (Labco ExetainerH, UK)
with a vent needle placed in the vial’s septum. This
procedure evacuated existing air in the sample vial.
Once the vial was flushed, the vent needle was
removed, and the remaining 10 ml of gas were
injected into the vial. Ten milliliters of gas in a
5.6-ml vial created a positive pressure, which helped
preserve sample integrity and aid in removing the
gas for analysis (Duran and Kucharik 2013; Parkin
and Venterea 2010).

Gas samples were always collected between 8:30
A.M. and noon to help reduce diurnal variability in
measurements (Parkin and Venterea 2010). At the
start of sample collections, soil temperature (6 0.3 C)
to a depth of 8 cm was measured with a thermometer
(HI98509 ChecktempH 1, HANNAH instruments,
Woonsocket, RI) and volumetric water content
(6 3%) was measured using a time-domain re-
flectometer (FieldScoutH TDR 100, Spectrum Tech-
nologies, Aurora, IL) with 12-cm rods. Additionally,
the ambient air temperature was recorded for use in
gas flux calculations.

A gas chromatograph (7890A GC system with
a 555-MBq 63Ni electron capture detector, Agilent
Technologies, Santa Clara, CA) was used to analyze
the concentrations of N2O collected from each
sample. The detector temperature was 350 C, the
oven temperature was 75 C, and the method
detection limit for N2O was calculated on soils from
Arlington, WI, to be 0.006 ppmv. Gas samples were
injected into the Micro-ECD inlet using a MPS
2XL MultiPurpose sampler (Gerstel Inc., Baltimore,
MD). Before each analysis the instrument was
calibrated using 15 to 25 laboratory standards of 1
ppmv N2O; the average coefficient of variation for
these calibration standards was 0.014 across all gas
sampling dates.

Gas fluxes for each treatment were determined by
linear regression of the four samples within
collection timings. Though various linear and
nonlinear schemes are used to calculate gas fluxes
(e.g., linear regression, quadratic, Hutchinson/
Mosier, etc.), a linear model is appropriate for
comparing relative differences in fluxes from
experimental factors such as row width (Venterea
et al. 2009). As a result, we generated a linear fit to
the concentration data using the “HMR” add-on
package for flux estimation (Pedersen et al. 2010) in

R version 2.15.2 (R Development Core Team,
Vienna, Austria).

Data Analysis. In 2013, localized standing water in
the field resulted in poor soybean emergence for
a plot in the 38-cm-width, POST-only treatment.
This plot was excluded from all analyses. Yield data
from a second plot in the same treatment and year
were omitted due to a harvesting error, but all other
metrics associated with this plot were included for
analysis. Furthermore, because there were two
POST applications in 2013—one at 31 DAP for
the POST-only treatment and one at 50 DAP for
the PRE + POST treatment (Table 1, Supplemental
Figure S1; http://dx.doi.org/10.1614/WS-D-15-
00010.S1)—the time period between these POST
applications had both living and dying weeds, which
invalidated a comparison of soil volumetric water
content (VWC), soil temperature, and N2O fluxes
between treatments. These confounding data points
were omitted and only relevant data from the period
before any POST was applied (0 to 31 DAP) and
after all POST applications were made (50 DAP to
end of experiment) were used from the 2013 data.

Total counts of all weeds as well as individual
weed species were compared by year and row width
in a mixed model procedure with rep(year) treated as

Figure 1. Nitrous oxide fluxes by the main effects of (A) weed
management strategy and (B) row width across both years for
sample timings corresponding to soybean growth stages. The
vertical dashed line represents the POST application timing.
Error bars represent the standard error of the mean.
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a random effect using SAS 9.3 (SAS Institute, Cary,
NC). Total C and N content, C : N ratio, and weed
dry weight data from 2014 were compared by row
width using a Student’s t test. Multiple linear
regression was used to determine the combined
effects of soil VWC and soil temperature on daily
variation of observed N2O fluxes for each year.

Since gas sample timings for both years coincided
with soybean growth stages (Fehr et al. 1971)
(Table 2), soil VWC, soil temperature, and N2O
flux data were each subjected to a mixed model
procedure with repeated measures analysis. Fixed
effects were weed, width, sample, and their interac-
tions; random effects were year and rep(year); the
subject was plot(year); and the repeated measure was
sample. Data from the 2 yr were successfully
combined since covariance tests for year indicated
the Pr . Z was 0.2557, 0.3059, and 0.2652 for the
before, after, and total time periods, respectively. Soil
VWC, soil temperature, and daily average N2O
fluxes were compared for different time periods in the
study: before termination (i.e., the period between
planting and POST application), after termination
(i.e., from POST application to the end of the study),
and for the total duration of the study, as well as for
individual sample timings. Yield data were subjected
to ANOVA in a mixed model procedure with weed,
width, and weed by width treated as fixed effects and
year and rep(year) as random effects. All means were
separated with Fischer’s protected LSD0.05 test.

Results and Discussion

Weed Characterization. Weed species present in
both years included common lambsquarters (Che-
nopodium album L.), giant foxtail (Setaria faberi

Herrm.), Powell amaranth (Amaranthus powellii S.
Wats.), velvetleaf (Abutilon theophrasti Medik.), and
eastern black nightshade (Solanum ptychanthum
Dunal). Additionally, ladysthumb smartweed (Po-
lygonum persicaria L.) was present in 2013 and yellow
foxtail [Setaria pumila (Poir.) Roemer & J.A.
Schultes] was present in 2014. From the mixed
model analysis, the combined densities of all weeds
did not differ by width by year (P 5 0.3654), year (P
5 0.5834), or width (P 5 0.2298). Densities of
individual broadleaf weed species did not signifi-
cantly differ by row width, but the more abundant
species (i.e., common lambsquarters, Powell ama-
ranth, and velvetleaf) followed a trend of having
higher densities in the 78-cm rows. Giant foxtail was
the only species that had a significantly higher density
in the 38-cm rows (Table 3). Weeds harvested for
analysis in 2014 had similar composition of C and
N and C : N ratios at both row widths. Consistent
with previous research (Légère and Schreiber 1989;
Rich and Renner 2007; Wax and Pendleton 1968),
weed biomass was nearly two times greater in the
76-cm vs. the 38-cm rows (60 vs. 31 g plant m22,
respectively, P 5 0.0384) (Table 4). The increased
weed biomass in the wider rows also corresponded
to higher N uptake of the weeds in the wider vs. the
narrower row width (1.5 vs. 0.7 g N m22,
respectively, P 5 0.0179) (Table 4).

Treatment Effects on Soil Measurements. Despite
the differences in weed biomass by row width and
those inferred by weed management strategy,
repeated measures analyses indicated there were no
effects of weed by width by sample, weed by sample,
width by sample, weed by width, or weed on either
soil VWC or soil temperature before termination,

Table 2. Gas sample timings for both years with their corresponding days after planting, dates of collection, and soybean growth
stages.

DAPb Date Soybean growth stage

Sample timinga 2013c 2014 2013 2014 2013 2014

1 — 15 — June 6 — VE
2 27 22 June 10 June 13 V1–2 V1
3 30 36 June 13 June 27 V3–4 V4–5

4 55 53 July 8 July 14 R1 R1–2
5 62 62 July 15 July 23 R3 R3
6 84 76 August 6 August 6 R4 R4
7 104 99 August 26 August 29 R6 R6
8 125 119 September 16 September 18 R7 R7

a As indicated by the dashed horizontal line, sample timings 1 to 3 occurred before weed termination, whereas sample timings 4 to 8
occurred after weed termination.

b Days after planting. Planting occurred on May 14, 2013, and May 22, 2014.
c Sampling days (31 to 50 DAP) that had confounding treatment effects were omitted.
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after termination, or for the full study at P # 0.05.
As expected, due to daily variability in measure-
ments, sample was significant for all periods. The
effect of width did not influence soil VWC during
any measurement period or soil temperature
before termination, but soil temperature was higher
in 76-cm vs. 38-cm row widths for the period
after termination (19.5 vs. 19.0 C, respectively, P 5
0.0094) and overall (18.9 vs. 18.6 C, respectively,
P 5 0.044). This was largely the result of wider rows
having 1.2 C higher soil temperature than narrow
rows at the fifth sample timing (data not shown).
However, other than the instance just described,
there was no treatment effect of weed or width on soil
VWC or soil temperature at a specific sample timing.

Although we expected weeds to influence soil
moisture and temperature, we may not have seen an
effect for several reasons. First, differences in soil
moisture between weedy and weed-free environments
are most readily observed when moisture is limited
(Green et al. 1988; Young et al. 1983), but in our
study, there was adequate rainfall in the period before
weed termination (Supplemental Figure S1 (http://
dx.doi.org/10.1614/WS-D-15-00010.S1). Second,
there may not have been enough weed biomass to

remove substantial amounts of water via uptake or
transpiration, to create a shaded microcosm before
termination, or to provide a substantial mulching
effect after termination. For example, Wortman et al.
(2012) found that cover crop mulches with 307 g
plant m22 increased soil VWC by 1.3% following
termination with an undercutter. The most biomass
we had was 60 g plant m22 from the wider rows—an
amount six times less than in that study—and
arguably not enough to significantly alter soil VWC
or soil temperature.

Treatment Effects on N2O Fluxes. The fixed
effects of weed by width by sample, weed by sample,
weed by width, weed, or width did not influence
N2O fluxes before termination, after termination,
or for the full duration of the study at P # 0.05
(Table 5). However, we observed that POST-only
treatments had lower N2O fluxes than PRE +
POST treatments at the sample timing immediately
prior to POST application (P 5 0.0002; Figure1A),
which made weed a significant effect at P # 0.1
before termination. Likewise, width influenced total
fluxes at P # 0.1, mainly due to the higher fluxes in
the 38-cm vs. 76-cm rows at the sixth sample timing

Table 3. Comparison of weed density by row width at the POST application timing for the combined years.

Density by row widthb

Weed speciesa Years present 38 cm 76 cm P valuec

plants m22

CHEAL Both 76 (17) 148 (38) 0.0793
SETFA Both 54 (16) 29 (8) 0.0139
AMAPO Both 17 (2) 27 (5) 0.0629
ABUTH Both 5 (2) 12 (6) 0.2160
SOLPT Both 3 (1) 2 (1) 0.5946
POLPE 2013 3 (2) 3 (2) 0.8216
SETPU 2014 4 (2) 2 (1) 0.2090
All weeds 162 (41) 220 (40) 0.2298

a Abbreviations: CHEAL, common lambquarters; SETFA, giant foxtail; AMAPO, Powell amaranth; ABUTH, velvetleaf; SOLPT,
eastern black nightshade; POLPE, ladysthumb smartweed; SETPU, yellow foxtail.

b Mean (standard error) of back-transformed data.
c From mixed model analysis.

Table 4. Data from analysis of weeds collected at the POST application timing in 2014 compared by row width.

Row widtha

Parameter 38 cm 76 cm P valueb

Total C (%) 33 (3) 35 (1) 0.6359
Total N (%) 2.4 (0.3) 2.6 (0.1) 0.5320
C : N 14 (1) 14 (1) 0.4906
Biomass (g plant m22) 31 (8) 60 (7) 0.0384
N uptake (g N m22) 0.7 (0.2) 1.5 (0.1) 0.0179

a Mean (standard error).
b From Student’s t test.
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(P 5 0.0001; Figure 1B). This also contributed to
an effect of width by sample on N2O fluxes after
termination (P , 0.0001) and for the total flux
(P 5 0.0057). Differences in sample were more
noted in the period before termination than after
termination, but sample timing significantly influ-
enced total N2O fluxes (P , 0.0001) (Table 5),
which is consistent with the propensity for N2O
fluxes to exhibit temporal variability (Goodroad
et al. 1984; Jacinthe and Dick 1997; Parkin 2008).

Any observed differences in N2O fluxes were
likely not a result of differences in soil moisture or
temperature. As mentioned, there were no differ-
ences in these parameters by weed or width for any
sample timing except one, where width influenced
soil temperature at the fifth sample timing.
Furthermore, there was poor correlation between
soil VWC and soil temperature on N2O fluxes.
Multiple linear regression indicated that N2O fluxes
were only influenced by soil VWC before termina-
tion in 2013. For this measurement period,
a Sutdent’s t test indicated that Pr . |t| was 0.0001
for soil VWC and 0.1698 for soil temperature
(Pr . F of model was 0.0001, R2 5 0.4893).
However, after termination in 2013 and both before
and after termination in 2014, there was no
correlation of soil VWC and temperature with
N2O fluxes at P # 0.05. For reference, soil VWC,
soil temperature, and N2O fluxes, as well as air
temperature and daily precipitation totals, are shown
for individual years in Supplemental Figure S1
(http://dx.doi.org/10.1614/WS-D-15-00010.S1)

These results suggest that other factors, such as
soil N or mineralizable C availability, were more
important regulators of N2O fluxes (Ciampitti
et al. 2008). For example, before the point where
weeds reduced N2O fluxes just prior to POST
application, weeds had not yet emerged or were

still very small, and it may not have been until they
began more rapid N uptake closer to termination
that a noticeable effect on N2O fluxes occurred. It
would have been beneficial to take repeated soil
samples to determine inorganic N levels in the soil
and assess this hypothesis, or to have included
a season-long weedy check plot to see if the trend
in decreased fluxes would have continued as weeds
grew. As for the lack of observed weed effect after
termination, there may not have been enough weed
biomass to stimulate N2O fluxes by supplying N
and C as the weeds decayed. Weed residues in this
study had a C : N ratio of 14 (Table 4). Despite
the fact that residues with C : N ratios , 20 are
optimal for mineralization (Lindsey et al. 2013),
less-frequent rainfall in the latter part of the study
(Figure S1; http://dx.doi.org/10.1614/WS-D-15-
00010.S1) may have also contributed to lower rates
of weed decomposition, N mineralization, and
denitrification. Residues from the previous years’ corn
crop as well as litter from soybean leaf drop were also
confounding factors in isolating an influence of weed
residues on N2O fluxes. Furthermore, C addition
from plant residues usually has more of an impact on
N2O fluxes in fertilized, NO3

2-rich systems such as
corn (Huang et al. 2004; Mitchell et al. 2013).
Therefore, an effect of weeds after termination may
have been too small to detect, overshadowed by other
factors and plant residues, or simply nonexistent.

Regarding row width, the higher fluxes from
38-cm rows may be an artifact of the gas sampling
chamber placement and soybean root architecture.
Although soybean populations surrounding the
chambers were the same, two soybean rows were
directly near the chambers in the 38-cm width,
whereas only one row was near the chambers in the
76-cm rows. This probably meant that 38-cm rows
had a more uniform soybean root structure un-

Table 5. Flux averages for weed and width and P values for test of fixed effects on nitrous oxide (N2O) fluxes for different durations
of the study.

Before termination After termination Total

Factor Treatment Fluxa P value Flux P value Flux P value

Weed PRE + POST 6.8 (1.0)b 0.0611 1.8 (0.3) 0.8139 3.6 (0.4) 0.1020
POST-only 5.3 (0.7) 1.9 (0.3) 3.0 (0.3)

Width 38 cm 6.5 (1.0) 0.2483 2.0 (0.3) 0.2457 3.6 (0.4) 0.0967
76 cm 5.6 (0.7) 1.7 (0.3) 3.0 (0.3)

Weed by width 0.6460 0.9977 0.6855
Sample , 0.0001 0.2076 , 0.0001
Weed by sample 0.1375 0.9341 0.1004
Width by sample 0.5169 , 0.0001 0.0057
Weed by width by sample 0.7200 0.2459 0.7451

a g N2O-N ha21 d21.
b Mean (standard error).
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derneath the chambers, and that any influence on
N2O fluxes from soybean root exudates (Rochette
and Janzen 2005) was more pronounced in the
narrower rows. This reasoning, along with the
finding that senescent nodule degradation stimu-
lates N2O fluxes as soybean plants mature (Ciam-
pitti et al. 2008; Yang and Cai 2005), may partially
explain the large increase in N2O fluxes from the
38-cm width at the sixth sample timing (R4 growth
stage). Overall, however, the effect of row width on
N2O fluxes was only identified at P # 0.1 in the
season-long comparison, suggesting that width did
not markedly affect fluxes.

Yield and Conclusions. Soybean yield was not
influenced by the weed by width interaction (P 5
0.5825) and was not different between 38- and 76-
cm row widths (3,990 and 3,900 kg ha21,
respectively; P 5 0.6018). Over the years, soybean
row width has been investigated extensively for
yield-determining effects with results remaining
widely variable (Devlin et al. 1995). Many previous
studies in the Midwest have shown narrow rows to
yield more than wider rows (Cox and Cheney 2011;
De Bruin and Pedersen 2008; Lambert and Low-
enberg-DeBoer 2003). However, several other
studies contradict those findings (Alessi and Power
1982; Taylor 1980), and recent research has shown
that newer soybean genetics have better capability to
produce yield on plant branches (Suhre et al. 2014).
Yield was significantly higher in PRE + POST
treatments (4,270 kg ha21) than in POST-only
treatments (3,620 kg ha21; P 5 0.0007). This was
not surprising as it is well documented that yield
can be improved by reducing weed interference with
PRE herbicides (DeWerff et al. 2014; Koger et al.
2002; Reddy et al. 2003).

In summary, this research was the first to explore
how weed management strategy and row width
influence N2O emissions in soybean. We found that
the interaction of weed by width did not influence
emissions and that N2O fluxes from 38- and 76-cm
rows were similar at P # 0.05. Although weeds
reduced emissions at the sample timing just prior to
POST application, average N2O fluxes were not
different for PRE + POST and POST-only
herbicide management strategies before termina-
tion, after termination, and for the full study.
Therefore, we conclude that one weed management
strategy is not preferred over the other in terms of
N2O mitigation from soybean, but use of a PRE
herbicide is still important to prevent soybean yield
loss. From our research, one might surmise there is

little reason to alter weed management methods or
consider weed management strategies as an impor-
tant factor in greenhouse gas emission mitigation or
modeling. One limitation is that this investigation
looked at weed management in a conventional
setting where herbicides were used to control weeds
early in the growing season. Weed management
strategies may play a much more important role in
organic systems where repeated tillage vs. a less-
tilled environment with more weeds could have
larger differences, and those systems should be
considered for future research.
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