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Abstract

Little is known about the effect of management practices on net global warming potential (GWP)
and greenhouse gas intensity (GHGI) that account for all sources and sinks of greenhouse gas (GHG)
emissions in dryland cropping systems. The objective of this study was to compare the effect of a
combination of tillage, cropping system, and N fertilization on GWP and GHGI under dryland crop-
ping systems with various soil and climatic conditions from 2008 to 2011 in western North Dakota
and eastern Montana, USA. Treatments in western North Dakota with sandy loam soil and 373 mm
annual precipitation were conventional till malt barley (Hordeum vulgarie L.) with 67 kg N ha-!
(CTB/N1), conventional till malt barley with 0 kg N ha-1 (CTB/NO), no-till malt barley-pea (Pisum
sativum L.) with 67 kg N ha-1 (NTB-P/N1), no-till malt barley with 67 kg N ha-! (NTB/N1), and
no-till malt barley with 0 kg N ha-1 (NTB/NO0). In eastern Montana with loam soil and 350 mm an-
nual precipitation, treatments were conventional till malt barley-fallow with 80 kg N ha-!
(CTB-F/N1), conventional till malt barley-fallow with 0 kg N ha-! (CTB-F/NO), no-till malt bar-
ley-pea with 80 kg N ha-1 (NTB-P/N1), no-till malt barley with 80 kg N ha-1 (NTB/N1), and no-till
malt barley with 0 kg N ha-1 (NTB/NO). Carbon dioxide sink as soil C sequestration rate at the 0 -
10 cm depth was greater in NTB-P/N1 and NTB/N1 than the other treatments at both sites and
greater in eastern Montana than western North Dakota. Carbon dioxide sources were greater with
N fertilization than without and greater with conventional till than no-till. Soil total annual N;0
and CH. fluxes varied among treatments, years, and locations. Net GWP and GHGI were lower in
NTB-P/N1 than the other treatments in western North Dakota and lower in NTB-P/N1 and NTB/N1
than the other treatments in eastern Montana. Net GWP across similar treatments was lower in
eastern Montana than western North Dakota, but GHGI was similar. Annualized crop yield was
greater in the treatments with N fertilization than without. Because of greater grain yield but low-
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er GWP and GHGI, no-till malt barley-pea rotation with adequate N fertilization can be used as a
robust management practice to mitigate net GHG emissions while sustaining dryland crop yields,
regardless of soil and climatic conditions. Loam soil reduced GWP and crop yields compared with
sandy loam soil.
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1. Introduction

Agricultural practices produce three soil greenhouse gases (GHGs—CO,, N,0, and CH,) that significantly con-
tribute to radiative forcing of earth’s atmosphere for global warming [1]-[3]. While soil C sequestration acts as
the sink for GHGs, [1] [3] [4], chemical inputs used for increasing crop yields and residue returned to the soil,
such as N, P, and K fertilizations and herbicide and pesticide applications, can produce CO,, thereby reducing
the GHG mitigation potential [5]. Manufacture and transportation of fertilizers that are applied in large quanti-
ties, such as N fertilizer, and fuel used in machines for farm operations can produce CO, that can counteract the
mitigation efforts [1] [6]. The balance between C sequestration and N,O and CH, emissions as well as CO,
emissions from chemical inputs and farm operations controls net global warming potential (GWP) and green-
house gas intensity (GHGI) [1]-[3]. As a result, all sources and sinks of GHGs in the agroecosystem should be
considered while evaluating the effect of agricultural practices on GHG emissions [1].

Some of the novel management practices, such as no-till, diversified crop rotation, increased cropping inten-
sity, and reduced N fertilization rate, can increase soil C sequestration and mitigate GHG emissions [3] [7] [8].
Soil organic C (SOC) sequestration can be increased by using the no-till system which reduces soil disturbance,
residue incorporation, and microbial activity and therefore lowers CO, emissions compared with the conven-
tional system [3] [9]. Greater amount of crop residue returned to soil due to increased cropping intensity, diver-
sified crop rotation, and N fertilization can increase SOC and reduce GHG emissions compared with fallow,
monocropping, and no N fertilization [3] [10] [11]. Nitrogen fertilization primarily stimulates N,O emissions [3]
[12] [13], but has a variable effect on CO, and CH, emissions [11] [14] [15]. It is expected that a combination of
management practices that includes no-till, diversified crop rotation, and reduced N fertilization rate might fur-
ther enhance SOC sequestration and mitigate net GHG emissions without influencing crop yields compared with
individual practices. Increased C sequestration also helps to improve soil quality and productivity through en-
hanced soil water-nutrients-crop yield relationships [16] [17] and can serve as an additional source of income for
farmers [18] [19].

Soil and climatic conditions can also affect C sequestration and GHG emissions [3] [17] [20]. Net GWP is
usually higher in tropical than in temperate regions due to increased organic matter mineralization [8]. Mosier et
al. [2] reported greater net GWP in Michigan with 900 mm precipitation than in Colorado with 420 mm, al-
though both sites had loam soils under dryland cropping systems. Similarly, Sainju et al. [17] [20] found greater
CO; emissions but lower SOC due to increased organic matter mineralization in western North Dakota with
sandy loam soil and 373 mm precipitation than in eastern Montana with loam soil and 350 mm precipitation.

Information on the effect of combined management practices on net GWP and GHGI under various soil and
climatic conditions is scanty. This study compared net GWP and GHGI as affected by management practices
from two dryland cropping systems in Nesson Valley, North Dakota and Sidney, Montana, USA. The objectives
of this study were to 1) evaluate the effects of combinations of tillage, cropping systems, and N fertilization
rates on net GWP and GHGI from 2008 to 2011 at two dryland cropping sites in the northern Great Plains, USA,
2) compare net GWP and GHGI using similar treatments between the sites with different soil and climatic con-
ditions, and 3) identify management practices that mitigate net GHG emissions while sustaining crop yields. It
was hypothesized that no-till malt barley-pea rotation with N fertilization could reduce net GWP and GHGI
compared with the traditional conventional till malt barley or conventional till malt barley-fallow with or with-
out N fertilization and that the site with finer soil texture would reduce net GWP and GHGI compared with the

site with coarser texture.
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2. Materials and Methods
2.1. Experimental Sites, Treatments, and Crop Management

The experiment was described in detail by Sainju et al. [20]. Briefly, in Nesson Valley, western North Dakota,
the experiment was conducted in a Lihen sandy loam (sandy, mixed, frigid, EnticHaplustoll) from 2008 to 2011
in a land converted from Conservation Reserve Program grassland to cropland in 2005 in Nesson Valley (48.1°N,
103.1°W), western North Dakota, USA (Figure 1). The soil had 720 g-kg * sand, 120 g-kg * silt, 160 g-kg * clay,
7.7 pH, and 10.9 g-kg* SOC at the 0 - 20 cm depth before the initiation of the experiment in April 2005. Aver-
age (30 yr) air temperature in the site ranged from —5°C in January to 32°C in July-August and mean annual
precipitation was 373 mm. Treatments were two irrigation practices (irrigated and non-irrigated) as the main
plot and five cropping systems (conventional-till malt barley with 67 to 134 kg N ha ' [CTB/N1], convention-
al-till malt barley with 0 kg N ha* [CTB/NO], no-till malt barley-pea with 67 to 134 kg N ha * [NTB-P/N1],
no-till malt barley with 67 to 134 kg N ha* [NTB/N1], and no-till malt barley with 0 kg N ha* [NTB/NO]) as
split-plot treatments arranged in a randomized complete block with three replications. The NTB-P/N1 included
both malt barley and pea phases of the crop rotation in every year. The CTB/N1 was the traditional farming sys-
tem for both irrigated and non-irrigated malt barley production in the experimental site. Recommended N rates
which included both fertilizer and soil residual N for irrigated and non-irrigated malt barley were 134 and 67 kg
N ha?, respectively. To determine the amount of fertilizer N as urea (46% N) applied to irrigated and non-irri-
gated malt barley in each year, soil NOs-N content to a depth of 60 cm in samples collected in the autumn of the
previous year was deducted from recommended N rates. No N fertilizer was applied to pea. Malt barley and pea
were planted in April and harvested in August 2005 to 2011. After grain harvest, crop residue (stems and leaves)
were returned to the soil. For this study, only cropping systems in the non-irrigated practice were used.

In Sidney, eastern Montana, the site had mean monthly air temperature ranging from —8°C in January to 32°C
in July and August and mean annual precipitation (105-yr average) of 350 mm (Figure 1). The soil was a Wil-
liams loam (fine-loamy, mixed, superactive, frigid, Typic Argiustolls) with 350 g-kg* sand, 325 g-kg * silt, 325
g-kg* clay, 11.3 g-kg™ SOC, and 7.2 pH at the 0 - 20 cm depth. Previous cropping system for the past 6 yr was
conventional till spring wheat (Triticum aestivum L.)-fallow-safflower (Carthamus tinctorius L.). Treatments
included conventional till malt barley-fallow with 0 (CTB-F/NO) and 80 kg N ha* (CTB-F/N1), no-till malt barley-
pea with 0 (NTB-P/NO) and 80 kg N ha* (NTB-P/N1), and no-till malt barley with 0 (NTB/NO) and 80 kg N ha™*

Experimental sites: Sidney, Montana
and Nesson Valley, North Dakota

ontana North
Dakota

Figure 1. Location of the experimental sites in USA: Sidney, Montana and Nesson Valley, North Dakota.
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(NTB/N1). For this study, all treatments, except NTB-P/NO, were included. Treatments were arranged in ran-
domized complete block with three replications. Each phase of the cropping sequence that included malt barley
and pea in NTB-P/N1 and malt barley and fallow in CTB-F/N1 and CTB-F/NO was present in every year. The
CTB-F/N1 was the traditional system. As with Nesson Valley, recommended N rate (80 kg N ha ) included fer-
tilizer N as urea and soil residual NO3-N content which was determined in soil samples collected to a depth of
60 cm in the autumn of the previous year. No N fertilizer was applied to pea and the fallow phases. Malt barley
and pea were planted in April and harvested in August 2006 to 2011. After grain harvest, crop residues were re-
turned to the soil.

2.2. Gas, Soil, and Crop Measurements

At both sites, N,O and CH, fluxes were measured with static, vented chambers at 3 to 14 d intervals from March
to November 2008 to 2011 after analyzing concentrations of gases using a gas chromatograph. Total annual
fluxes were determined by adding the missing values of winter (December-February) emissions to the cumula-
tive flux from nearest locations [4] [12]. The CO, equivalents of N,O and CH, fluxes were calculated by mul-
tiplying their values by 298 and 25, respectively [21]. Since N fertilization can produce CO, and N,O directly
(manufacture, transport, and application of N fertilizer to crops) and indirectly (NH, volatilization, N leaching,
and urea hydrolysis in the soil), CO, equivalents of GHG emissions due to N fertilization were estimated by
adding direct and indirect emissions [10] [22] (Table 1). The CO, equivalent of fuel used for farm operations
(tillage, planting, P and K fertilization, herbicide and pesticide applications, and harvest) and machine manufac-
ture (Table 2) was estimated as shown by [23]. The values were based on the total amount of CO, emitted per
liter of fuel and number of hours the machine was used for operations.

For calculating the CO, equivalent of C sequestration rates, soil samples were collected from the 0 - 10 cm
depth after crop harvest in October 2006 to 2011 at both sites. Samples were collected from five locations from
central rows within the plot with a hydraulic probe (3.5 cm inside diameter), composited, air-dried, and sieved to

Table 1. Carbon dioxide equivalents of N fertilization to crops in various management practices from 2008 to 2011 in Nes-
son Valley, North Dakota and Sidney, Montana.

y _— N fertilization (kg CO; eq. ha -yr %)’
anagement practice

2008 2009 2010 2011 Total
Nesson Valley
CTB/N1 235 235 235 235 940
CTB/NO 0 0 0 0 0
NTB-P/N1 189 146 146 146 627
NTB/N1 235 235 235 235 940
NTB/NO 0 0 0 0 0
Sidney
CTB-F/N1 0 256 67 205 528
CTB-F/NO 0 0 0 0 0
NTB-P/N1 0 227 239 260 726
NTB/N1 84 231 243 264 822
NTB/NO 0 0 0 0 0

¥Management practices for Nesson valley were CTB/N1, conventional till malt barley with 67 kg N ha™*; CTB/NO, conventional till malt barley with
0 kg N ha *; NTB-P/N1, no-till malt barley-pea with 67 kg N ha*; NTB/N1, no-till malt barley with 67 kg N ha *; and NTB/NO, no-till malt barley
with 0 kg N ha . For Sidney, management practices were CTB-F/N1, conventional till malt barley-fallow with 80 kg N ha™; CTB-F/NO, convention-
al till malt barley-fallow with 0 kg N ha %; NTB-P/N1, no-till malt barley-pea with 80 kg N ha *; NTB/N1, no-till malt barley with 80 kg N ha *; and
NTB/NO, no-till malt barley with 0 kg N ha ™. ®Includes direct and indirect sources of N fertilization. Direct source of N fertilization (production,
transportation, and application of N fertilizer) = 46 kg CO, ha™* for application + 3.0 kg CO, kg™ N applied [10]. Indirect source of N fertilization
(NHj, volatilization, N leaching, and urea hydrolysis) = 0.4% of applied N fertilizer [22].
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Table 2. Carbon dioxide equivalents of farm operations used for crop production in various management practices from
2008 to 2011 in Nesson Valley, North Dakota and Sidney, Montana.

) Farm operations (kg CO; eq. ha t-yr™)?
Management ~ Chisel
practice” tillage Crop planting and P and K fertilizer ~ Herbicide production

Farm machinery Total
P and K fertilization production and application

S production

Nesson Valley

CTB/N1 58 12 36 28 27 21 182
CTB/NO 58 12 36 28 27 21 182
NTB-P/N1 0 12 36 28 27 21 124
NTB/N1 0 12 36 28 27 21 124
NTB/NO 0 12 36 28 27 21 124
Sidney
CTB-F/N1 58 12 36 28 27 21 182
CTB-F/NO 58 12 36 28 27 21 182
NTB-P/N1 0 12 36 28 27 21 124
NTB/N1 0 12 36 28 27 21 124
NTB/NO 0 12 36 28 27 21 124

*Estimated as shown by [23]. "Management practices for Nesson valley were CTB/N1, conventional till malt barley with 67 kg N ha™*; CTB/NO,
conventional till malt barley with 0 kg N ha™; NTB-P/N1, no-till malt barley-pea with 67 kg N ha™*; NTB/N1, no-till malt barley with 67 kg N ha™;
and NTB/NO, no-till malt barley with 0 kg N ha™. For Sidney, management practices were CTB-F/N1, conventional till malt barley-fallow with 80 kg
N ha™!; CTB-F/NO, conventional till malt barley-fallow with 0 kg N ha*; NTB-P/N1, no-till malt barley-pea with 80 kg N ha*; NTB/N1, no-till malt
barley with 80 kg N ha™; and NTB/NO, no-till malt barley with 0 kg N ha™.

2 mm. The SOC concentration (g C kg ™) in the sample was determined using a high induction furnace C and N
analyzer (LECO, St. Joseph, MI) after grinding a subsample to 0.5 mm and pretreating it with 5% H,SO; to re-
move inorganic C [24]. The SOC content (Mg C ha ') was determined by multiplying its concentration by the
bulk density of the soil measured at the time of sample collection (weight of oven-dried soil at 105°C divided by
the volume of the core) and the thickness of the soil layer. The CO, equivalent of soil C sequestration rate (kg
CO, ha ™yr™) at 0 - 10 cm for each treatment was determined from the slope of linear regression equation of
SOC content over time from 2006 to 2011 and multiplied by a factor of 3.67 (CO,/C). Although soil samples
were collected from the 0 - 120 cm depth, results showed that C sequestration from 2006 to 2011 occurred only
at the 0 - 10 cm depth at both sites. Therefore, C sequestration rate for this study was considered only at this depth.

Crop yield was determined by harvesting malt barley and pea grains from the central rows of the plot (50 m?
area) using a combine harvester, oven drying a subsample at 60°C for 3 d, and weighing. Annualized crop yield
for a two-year crop rotation was calculated by averaging data from both phases within a rotation. Malt barley
grain yield during the fallow phase in CTB-F/N1 and CTB-F/NO was considered zero while calculating the an-
nualized crop yield. In NTB-P/N1, annualized crop yield was calculated by averaging yields of malt barley and
pea.

The GWP [2] [4] [8] was calculated as:

GWP = CO, equivalents (farm operations + N fertilization + N,O flux + CH, flux) — CO, equivalent (soil C
sequestration rate).

The GHGI [3] was calculated as:

GHGI = GWP/annualized crop yield.

A system becomes a source of net GWP and GHGI if the values are positive and sink if they are negative [1]

3].

2.3. Data Analysis

Data for CO, equivalents of N,O and CH, fluxes and soil C sequestration rate, annualized crop yield, and net
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GWP and GHGI within a site were analyzed using the Analysis of Repeated Measures procedure in the SAS-
MIXED model [25]. Treatment was considered as the fixed effect and year as the repeated measure variable for
data analysis. Random variable was replication. For comparing sites, similar treatments (NTB-P/N1, NTB/N1,
and NTB/NO) at both sites were also analyzed separately as above using site as a fixed effect. Since each phase
of the crop rotation was present in every year, data were averaged across phases within a rotation and the aver-
age value was used for the analysis. When the treatment was significant, orthogonal contrast was used to deter-
mine the effect of individual treatments on measured parameters. Means were separated by using the least
square means test when treatments and interactions were significant [25]. Statistical significance was evaluated
at P <0.05, unless otherwise stated.

3. Results and Discussion
3.1. Nitrogen Fertilization

Because of the variations in the amount of N fertilizer applied to malt barley in each treatment and year, CO,
equivalent of N fertilization also varied (Table 1). While no N fertilizer was applied to treatments containing NO,
CO, equivalents in other treatments were based on N fertilization rates. The values included CO, equivalents
from N fertilizer production, transportation, and application as direct emissions [10] and NH, volatilization, N
leaching, and urea hydrolysis as indirect emissions [22]. The CO, equivalent was similar in CTB/N1 and
NTB/NL1 in all years in Nesson Valley, North Dakota, but varied among treatments and years in Sidney, Mon-
tana. The CO, equivalent was, however, lower in NTB-P/N1 than NTB/N1 at both sites due to N contribution
from pea. Absence of N fertilization due to the presence of greater soil residual NOs-N level in the previous year
resulted in non-CO, contribution from CTB-F/N1 and NTB-P/N1 in 2008 in Sidney.

3.2. Farm Operations

The CO, equivalents of fuel used in machinery equipments for farm operations (e.g. chisel tillage, crop planting,
P and K fertilizer production and application, herbicide and pesticide production and application, harvest, and
farm machinery production) were greater in till than no-till treatments in both Nesson Valley and Sidney (Table
2). Except tillage, same machinery equipments were used for other operations in all treatments. As a result, CO,
equivalents in other operations were similar. Production of P and K fertilizers emitted higher CO, than the other
farm operations, except tillage. Because P and K fertilizers were banded at the same rates and time to all treat-
ments at planting, CO, emissions from the application of these fertilizers and from planting were included as
one operation.

3.3. Soil Carbon Sequestration

Soil C sequestration rate at 0 - 10 cm from 2006 to 2011 was greater in NTB-P/N1 than the other treatments,
except NTB/N1 in Nesson Valley (Figure 2). Carbon was lost in CTB/N1, CTB/NO, and NTB/NO, with greater
loss in CTB/N1 and CTB/NO than NTB/NO. In Sidney, C sequestration rate was also greater in NTB-P/N1 and
NTB/N1 than the other treatments and greater in CTB-F/N1 than CTB-F/NO and NTB/NO. Averaged across
NTB-P/N1, NTB/N1, and NTB/NO, C sequestration rate was greater in Sidney than in Nesson Valley, especially
with the first two treatments.

The greater C sequestration rates in NTB-P/N1 and NTB/N1 both at Nesson Valley and Sidney were due to
reduced soil disturbance as a result of absence of tillage, followed by increased amount of crop residue returned
to the soil from continuous cropping and N fertilization. Halvorson et al. [26] reported that no-till continuous
cropping increased dryland soil C sequestration at 0 - 15 cm by 854 kg CO,-C ha -yr™* compared to a loss of
567 kg CO,-C ha *-yr ! in conventional till crop-fallow in North Dakota, USA. Our values of C sequestration
rates for dryland cropping systems were within the range reported by Halvorson et al. [26]. Nitrogen fertilization
has been known to increase soil C sequestration compared with no N fertilization [27]. Increased C mineraliza-
tion due to soil disturbance as a result of tillage, followed by reduced or absence of crop residue returned to the
soil due to no N fertilization or fallow were probably the reasons for negative C sequestration rates in CTB/N1,
CTB/NO, NTB/NO, and CTB-F/NO [11] [27]. Increased C mineralization due to higher precipitation and coarser
soil texture also were the possible reasons for lower C sequestration rates in Nesson Valley than Sidney, since
increased CO, emissions in the former than the latter site have been known [17] [20].
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Figure 2. Soil C sequestration rates at the 0 - 10 cm depth from 2006 to 2011 as affected by
management practices in Nesson Valley, North Dakota and Sidney, Montana. Management
practices in Nesson Valley are CTB/N1, conventional till malt barley with 67 kg N ha™;
CTB/NO, conventional till malt barley with 0 kg N ha™; NTB-P/N1, no-till malt barley-pea
with 67 kg N ha™*; NTB/N1, no-till malt barley with 67 kg N ha™*; and NTB/NO, no-till malt
barley with 0 kg N ha™. In Sidney, management practices are CTB-F/N1, conventional till
malt barley-fallow with 80 kg N ha™*; CTB-F/NO, conventional till malt barley-fallow with 0
kg N ha *; NTB-P/N1, no-till malt barley-pea with 80 kg N ha™*; NTB/N1, no-till malt barley
with 80 kg N ha*; and NTB/NO, no-till malt barley with 0 kg N ha *. Bars followed by dif-
ferent letters at the top and bottom are significantly different among management practices at
P = 0.05 by the least significance difference test.

3.4. Nitrous Oxide and Methane Fluxes

Nitrous oxide fluxes varied among treatments and years in both Nesson Valley and Sidney, a result of variations
in soil temperature, water content, and management practices (Figure 3). In Nesson Valley, there was no dif-
ference in N,O flux among treatments in 2008, but the flux was usually greater in CTB/N1 and NTB/N1 and
lower in NTB-P/N1 than the other treatments from 2009 to 2011. In Sidney, there was similarly no difference in
N,O flux among treatments in 2009 and 2010, but the flux was greater in NTB-P/N1land NTB/NO than CTB-F/
NO in 2008 and greater in CTB-F/NO and NTB-P/N1 than the other treatments in 2011. Mean N,O flux across
years was lower in NTB-P/N1 than CTB/N1 and NTB/N1 in Nesson Valley. In Sidney, mean N,O flux was
greater in NTB-P/N1 than NTB/NO. While N fertilization appeared to increase N,O flux in treatments with N
compared with no N in Nesson Valley [3] [12] [13], tillage and fallow also promoted the flux in CTB-F/NO dur-
ing above-average precipitation in 2011 in Sidney, probably a result of higher soil NO5-N level due to increased
organic N mineralization. Reverse trends in N,O flux in NTB-P/N1 than the other treatments in Nesson Valley
and Sidney was surprising, but could be a result of differences in the rate of N fertilization and soil and climatic
conditions. The CO, equivalent of total N fertilization rate in NTB-P/N1 from 2008 to 2011 was 99 kg-ha’1 less

in Nesson Valley than in Sidney (Table 1).
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Figure 3. Soil surface N,O flux from 2008 to 2011 as affected by management practices in
Nesson Valley, North Dakota and Sidney, Montana. Management practices in Nesson Valley
are CTB/N1, conventional till malt barley with 67 kg N ha *; CTB/NO, conventional till malt
barley with 0 kg N ha*; NTB-P/N1, no-till malt barley-pea with 67 kg N ha™*; NTB/N1,
no-till malt barley with 67 kg N ha*; and NTB/NO, no-till malt barley with 0 kg N ha™. In
Sidney, management practices are CTB-F/N1, conventional till malt barley-fallow with 80 kg
N ha™*; CTB-F/NO, conventional till malt barley-fallow with 0 kg N ha™*; NTB-P/N1, no-till
malt barley-pea with 80 kg N hal; NTB/N1, no-till malt barley with 80 kg N ha™*; and
NTB/NO, no-till malt barley with 0 kg N ha™®. LSD (0.05) is the least significant difference
among management practices at P = 0.05.

In contrast to N,O flux, CH, flux was mostly negative in all treatments (Figure 4) and contributed a small
portion of overall GWP. Dryland soils are typically a sink of CH,4 due to its consumption by methanotrophs [28]
and CH,4 uptake can be higher as soils become more drier [4]. As with N,O flux, CH, flux also varied with
treatments and years at both Nesson Valley and Sidney. In Nesson Valley, CH, uptake was greater in CTB/N1,
CTB/NO, and NTB-P/N1 than NTB/N1 in 2008 and 2010 and greater in NTB-P/N1 and NTB/N1 than NTB/NO
in 2009. In Sidney, CH, uptake was greater in NTB/N1 than most other treatments in all years, except in 2008
when the flux was greater in CTB-F/NO. While mean CH, uptake across years was not different among treat-
ments in Nesson Valley, the uptake was greater in NTB/N1 than the other treatments, except CTB-F/NO, in Sid-
ney whose reasons were not known.

3.5. Global Warming Potential

Net GWP was greater in CTB/N1 and lower in NTB-P/N1 than most other treatments in all years in Nesson
Valley (Figure 5). In Sidney, GWP was greater in CTB-F/NO, but lower in NTB-P/N1 and NTB/N1 than the
other treatments in all years, except in 2011 when GWP was lower in NTB/N1. Mean GWP across years and
similar treatments (NTB-P/N1, NTB/N1, and NTB/NO) was 56% greater in Nesson Valley than Sidney.

The greater GWP in CTB/NL1 than the other treatments in Nesson Valley was due to increased CO, contribu-
tions from N fertilization (Table 1), farm operations (Table 2), and N,O emissions (Figure 3), followed by a
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Figure 4. Soil surface CH,4 flux from 2008 to 2011 as affected by management practices in
Nesson Valley, North Dakota and Sidney, Montana. Management practices in Nesson Valley
are CTB/N1, conventional till malt barley with 67 kg N ha *; CTB/NO, conventional till malt
barley with 0 kg N ha™*; NTB-P/N1, no-till malt barley-pea with 67 kg N ha™; NTB/N1,
no-till malt barley with 67 kg N ha™*; and NTB/NO, no-till malt barley with 0 kg N ha™. In
Sidney, management practices are CTB-F/N1, conventional till malt barley-fallow with 80 kg
N ha*; CTB-F/NO, conventional till malt barley-fallow with 0 kg N ha™*; NTB-P/N1, no-till
malt barley-pea with 80 kg N ha™'; NTB/N1, no-till malt barley with 80 kg N ha*; and
NTB/NO, no-till malt barley with 0 kg N ha*. LSD (0.05) is the least significant difference
among management practices at P = 0.05.

lower C sequestration rate (Figure 2). This suggests that both tillage and N fertilization can increase GWP
compared with no-tillage and N fertilization. This was also confirmed by greater average GWP of CTB/N1 and
CTB/NO than NTB/N1 and NTB/NO (tillage effect) or greater average GWP of CTB/N1 and NTB/N1 than
CTB/NO and NTB/NO (N fertilization effect). Several researchers [2] [8] [29] have also reported greater GWP
with tillage and N fertilization than without. Similarly, lower GWP in NTB-P/N1 than NTB/N1 suggests that
legume-nonlegume crop rotation can reduce GWP compared with continuous nonlegume monocropping, a case
similar to that reported by Lemke et al. [30].

Similar to Nesson Valley, greater GWP in CTB-F/NO than the other treatments in Sidney was due to greater
CO; contributions from farm operations (Table 2) and N,O emissions (Figure 3), followed by a lower C se-
questration rate (Figure 2). Although tillage increased GWP, fallowing may have a greater role in enhancing
GWP in CTB-F/NO due to the lower amount of crop residue returned to the soil as a result of the absence of
crops during fallow and increased organic matter mineralization as a result of enhanced microbial activity from
increased soil temperature and water content [25]. Increased GWP in crop-fallow compared with continuous
cropping has been reported by several researchers [2] [30]. In contrast to Nesson Valley, lower GWP in
CTB-F/N1 vs. CTB-F/NO and NTB/N1 vs. NTB/NO suggest that N fertilization actually reduced GWP com-
pared with no N fertilization due to increased C sequestration rate (Figure 2). Mosier et al. [3] found that ap-
propriate level of N fertilization, in fact, reduced GWP compared with no N fertilization because of increased C

sequestration.
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Figure 5. Net global warming potential (GWP) from 2008 to 2011 as affected by manage-
ment practices in Nesson Valley, North Dakota and Sidney, Montana. Management practices
in Nesson Valley are CTB/N1, conventional till malt barley with 67 kg N ha™; CTB/NO,
conventional till malt barley with 0 kg N ha™; NTB-P/N1, no-till malt barley-pea with 67 kg
N ha *; NTB/N1, no-till malt barley with 67 kg N ha™*; and NTB/NO, no-till malt barley with
0 kg N ha™. In Sidney, management practices are CTB-F/N1, conventional till malt bar-
ley-fallow with 80 kg N ha™*; CTB-F/NO, conventional till malt barley-fallow with 0 kg N
ha™!; NTB-P/N1, no-till malt barley-pea with 80 kg N ha™; NTB/N1, no-till malt barley with
80 kg N ha*; and NTB/NO, no-till malt barley with 0 kg N ha™. LSD (0.05) is the least sig-
nificant difference among management practices at P = 0.05.

Greater GWP across similar treatments in Nesson Valley than Sidney was due to higher N,O flux and lower C
sequestration rate (Figure 2 and Figure 3). Slightly higher precipitation (373 vs. 350 mm) and coarser soil tex-
ture may have increased organic matter mineralization, resulting in enhanced GWP in Nesson Valley. Greater
CO, emissions and lower SOC storage in Nesson Valley than Sidney have been previously reported [17] [20].

3.6. Annualized Crop Yield

Annualized crop grain yield was lower in CTB/NO and NTB/NO than the other treatments in all years, except in
2008 when yield in CTB/NO was not different from CTB/N1 and NTB-P/N1 in Nesson Valley (Figure 6). Mean
yield across years was lower in CTB/NO and NTB/NO than the other treatments, suggesting that the absence of
N fertilization reduced crop yield. In Sidney, crop yield varied among treatments and years. In 2008 when an-
nual precipitation was below the average, yield was greater in CTB-F/N1 and CTB-F/NO than the other treat-
ments due to increased soil water conservation during fallow. In other years with normal or above-average pre-
cipitation, yield was greater in NTB-P/N1 and NTB/N1 than the other treatments, possibly a result of increased
soil water conservation due to the absence of tillage, followed by N fertilization. Comparison of crop yields
across years and similar treatments indicated that yield was 29% greater in Nesson Valley than in Sidney, possi-
bly a result of greater soil water and nutrient availability from increased organic matter mineralization.

3.7. Greenhouse Gas Intensity
Net GHGI was greater in CTB/NO than the other treatments in 2009 and 2011 in Nesson Valley (Figure 7). In
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Figure 6. Annualized crop grain yield from 2008 to 2011 as affected by management prac-
tices in Nesson Valley, North Dakota and Sidney, Montana. Management practices in Nesson
Valley are CTB/N1, conventional till malt barley with 67 kg N ha™*; CTB/NO, conventional
till malt barley with 0 kg N ha™*; NTB-P/N1, no-till malt barley-pea with 67 kg N ha™;
NTB/N1, no-till malt barley with 67 kg N ha™*; and NTB/NO, no-till malt barley with 0 kg N
ha™. In Sidney, management practices are CTB-F/N1, conventional till malt barley-fallow
with 80 kg N ha*; CTB-F/NO, conventional till malt barley-fallow with 0 kg N ha™*; NTB-P/
N1, no-till malt barley-pea with 80 kg N ha™; NTB/N1, no-till malt barley with 80 kg N ha *;
and NTB/NO, no-till malt barley with 0 kg N ha *. LSD (0.05) is the least significant differ-
ence among management practices at P = 0.05.

2008, GHGI was greater in CTB/N1 than NTB-P/N1 and NTB/N1. In 2010, GHGI was greater in CTB/NO than
the other treatments, except CTB/N1. Mean GHGI across years was greater in CTB/NO than the other treatments.
In Sidney, GHGI was greater in NTB/NO than the other treatments in 2008. From 2009 to 2011, GHGI was
greater in CTB-F/NO than the other treatments. Mean GHGI across years and similar treatments was 36% great-
er in Nesson Valley than Sidney.

Increased GWP (Figure 5), followed by reduced crop yield (Figure 6) increased GHGI in CTB/NO in Nesson
Valley. As with GWP, greater mean GHGI of CTB/N1 and CTB/NO than NTB/N1 and NTB/NO indicated that
tillage increased GHGI compared with no-tillage. In contrast, N fertilization reduced GHGI compared with no N
fertilization, as evidenced by lower average GHGI of CTB/N1 and NTB/N1 than CTB/NO and NTB/NO. In-
creased GHGI with tillage than without was similar to those reported by several researchers [3] [31], but N ferti-
lization had a variable effect on GHGI [3] [29] [32]. Similar GHGI in NTB-P/N1 and NTB/N1 suggest that crop
rotation had no effect on GHGI. While GHGI not affected by crop rotation [30], it was greater in corn (Zea mays
L.)-soybean (Glycine max L.) rotation than continuous corn [3] [33].

As with Nesson Valley, increased GWP (Figure 5), followed by reduced crop yield (Figure 6) increased
GHGI in CTB-F/NO in Sidney. Tillage, fallow, and absence of N fertilization probably increased GHGI in this
treatment, a case similar to that observed for GWP. Lower mean GHGI in CTB-F/N1 and NTB/N1 than
CTB-F/NO and NTB-F/NO shows that N fertilization reduced GHGI compared with no N fertilization by in-
creasing crop yield, a case similar to that observed in Nesson Valley. Similarly, non-differences in GHGI be-
tween NTB-P/N1 and NTB/NI suggest that crop rotation has little effect on GHGI. Increased GHGI across years
and similar treatments in Nesson Valley compared with Sidney was similar to that observed for GWP.
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Figure 7. Net greenhouse gas intensity (GHGI) from 2008 to 2011 as affected by manage-
ment practices in Nesson Valley, North Dakota and Sidney, Montana. Management practices
in Nesson Valley are CTB/N1, conventional till malt barley with 67 kg N ha™; CTB/NO,
conventional till malt barley with 0 kg N ha™; NTB-P/N1, no-till malt barley-pea with 67 kg
N ha *; NTB/N1, no-till malt barley with 67 kg N ha *; and NTB/NO, no-till malt barley with
0 kg N ha™. In Sidney, management practices are CTB-F/N1, conventional till malt bar-
ley-fallow with 80 kg N ha™*; CTB-F/NO, conventional till malt barley-fallow with 0 kg N
ha™*; NTB-P/N1, no-till malt barley-pea with 80 kg N ha™; NTB/N1, no-till malt barley with
80 kg N ha*; and NTB/NO, no-till malt barley with 0 kg N ha™. LSD (0.05) is the least sig-
nificant difference among management practices at P = 0.05.

3.8. Management Practice Implication

Similar or lower net GWP and GHGI in NTB-P/N1 and NTB/N1 than the other treatments in Nesson Valley and
Sidney (Figure 5 and Figure 7) demonstrated that no-till continuous cropping with adequate N fertilization can
reduce net GHG emissions per unit area or unit grain yield compared with the traditional systems under dryland
cropping systems in the semiarid regions. One advantage with legume-nonlegume crop rotation compared with
continuous nonlegume monocropping is that legume-nonlegume rotation reduced N fertilization rate (Table 1)
by supplying additional N from legume residue. Legume-nonlegume rotation has fewer weed, disease, and pest
problems than continuous nonlegumes [34]. Carbon sequestration rate and crop yield were also similar between
NTB-P/N1 and NTB/N1 (Figure 2 and Figure 6). These results suggest that no-till with legume-nonlegume
crop rotation with adequate rate of N fertilization can be recommended as a robust management option to miti-
gate net GHG emissions, improve soil quality, reduce chemical inputs, and sustain crop yields compared with
the traditional systems under dryland cropping systems, regardless of soil and climatic conditions. The results
can be applied to other dryland farming regions engaged in small grain productions with similar soil and climat-
ic conditions.

4. Conclusion

Differences in CO, contributions from farm operations, N fertilization rates, N,O and CH, fluxes, and soil C
sequestration rates as well as soil and climatic conditions resulted in variations in net GWP and GHGI among
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treatments and study sites. Increased CO, contributions from farm operations and N fertilization and reduced C
sequestration rate increased GWP in CTB/N1 compared with the other treatments in Nesson Valley, North Da-
kota. Similarly, increased CO, contributions from farm operations and N,O flux and reduced C sequestration
rate increased GWP in CTB-F/NO compared with the other treatments in Sidney, Montana. Compared with the
other treatments, increased GWP, followed by lower crop yield increased GHGI in CTB/NO in Nesson Valley
and CTB-F/NO in Sidney. In contrast, lower CO, contributions from farm operations and N,O flux and higher C
sequestration rate reduced GWP and GHGI in NTB-P/N1 and NTB/N1 in both Nesson Valley and Sidney.
Comparison of similar treatments between sites showed that GWP and GHGI were lower in Sidney with finer
soil texture than Nesson Valley with coarser texture. These findings supported my hypothesis. Both GWP and
GHGI were lower with tillage than without in Nesson Valley, but N fertilization had a variable effect in these
parameters. Although GWP and GHGI were similar between NTB-P/N1 and NTB/N1, chemical inputs could be
lower in NTB-P/N1 due to reduced N fertilization rate and herbicide and pesticide applications. As a result,
no-till legume-nonlegume crop rotation with adequate N fertilization can mitigate net GHG emissions, reduce
chemical inputs, improve soil quality, and sustain dryland crop yields compared with the traditional systems in
the semiarid regions engaged in small grain production, regardless of soil and climatic conditions. The results
can be applied to other regions with similar soil and climatic conditions and cropping systems.
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