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Abstract
Little is known about management practices that can simultaneously improve soil and envi-

ronmental quality and sustain crop yields. The effects of novel and traditional management

practices that included a combination of tillage, crop rotation, and N fertilization on soil C

and N, global warming potential (GWP), greenhouse gas intensity (GHGI), and malt barley

(Hordeum vulgarie L.) yield and quality were examined under non-irrigated and irrigated

cropping systems from 2008 to 2011 in eastern Montana and western North Dakota, USA.

In loamy soil under non-irrigated condition in eastern Montana, novel and traditional man-

agement practices were no-till malt barley-pea (Pisum sativum L.) with 80 kg N ha-1 and

conventional till malt barley-fallow with 80 kg N ha-1, respectively. In sandy loam soil under

irrigated and non-irrigated conditions in western North Dakota, novel and traditional man-

agement practices included no-till malt barley-pea with 67 (non-irrigated) to 134 kg N ha-1

(irrigated) and conventional till malt barley with 67 (non-irrigated) to 134 kg N ha-1 (irrigated),

respectively. Compared with the traditional management practice, soil organic C (SOC) and

total N (STN) at 0–120 cm were 5% greater with the novel management practice under non-

irrigated condition in eastern Montana and under irrigated condition in western North

Dakota, but were not different under non-irrigated condition in western North Dakota. In

both places under irrigated and non-irrigated conditions, total applied N rate, residual soil

NO3-N content at 0–120 cm, global warming potential (GWP), and greenhouse gas intensity

(GHGI) were 15 to 70% lower with the novel than the traditional management practice. Malt

barley yield and quality were not different between the two practices in both places. Novel

management practices, such as no-till malt barley-pea with reduced N rate, can simulta-

neously enhance soil and environmental quality, reduce N input, and sustain crop yield

compared with traditional practices in the northern Great Plains, USA.

Introduction
Traditional practices, such as conventional till with crop-fallow or continuous monocropping
with N fertilization, have reduced soil C and N storage and crop yields due to residue
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incorporation into the soil, aggregate disruption, and absence of crops during fallow in the
northern Great Plains [1, 2]. Residue incorporation into the soil increases its contact with
microorganisms, thereby increasing its mineralization and reducing soil C and N storage. Both
tillage and fallow can increase soil organic matter mineralization due to increased microbial
activity, thereby increasing residual soil NO3-N content and the potential for N leaching [2, 3].
Continuous monocropping can reduce crop yields compared with crop rotation due to
increased infestation of weeds, diseases, and pests [4]. Traditional practices can also increase
net greenhouse gas (GHG) emissions compared with improved practices, such as no-till with
crop rotation and reduced N rate [5, 6].

Improved management practices, such as no-till, diversified crop rotation, increased crop-
ping intensity, cover cropping, and reduced rate of N fertilization, can increase soil C and N
storage and reduce GHG emissions compared with traditional practices [1, 7, 8, 9]. No-till can
increase soil organic C (SOC) and soil total N (STN) and reduce GHG emissions compared
with conventional till by reducing soil disturbance, residue incorporation, and microbial activ-
ity, which in turn, lower CO2 emissions [6, 10, 11]. Increased quality and quantity of crop resi-
due returned to the soil from increased cropping intensity, diversified crop rotation, cover
cropping, and N fertilization can increase SOC and STN compared with fallow, monocropping,
and no cover crop or N fertilization [6, 12, 13]. Nitrogen fertilization stimulates N2O emissions
[6, 14, 15], but has a variable effect on CO2 and CH4 emissions [13, 16, 17, 18]. Therefore, prac-
tices that can reduce N fertilization rates without influencing crop yields can substantially
lower net global warming potential (GWP) and greenhouse gas intensity (GHGI) [6, 19].

No-till can reduce crop residue and soil organic N mineralization and residual soil NO3-N
content which is subjected to leaching in the groundwater compared with conventional till [3].
Most crops are unable to uptake NO3-N from subsurface soils unless they have deep root sys-
tems [20]. Soil profile NO3-N content can be reduced with increased cropping intensity due to
greater N immobilization, less summer fallow, and greater amount of N removed by crops
[20]. Nitrogen loss below the root zone can be enhanced due to increased fallow period as a
result of leaching and absence of crops to utilize N [3].

Soil water conservation is also greater in no-till than conventional till [21]. As a result, crop
yields can be sustained by utilizing soil water more efficiently in no-till systems [2, 21, 22, 23].
Inclusion of pea in rotation with spring wheat (Triticum aestivum L.) and barley can sustain
their yields by efficiently utilizing soil water and reduce N fertilization rate due to N supplied
from pea residue which is rich in N as a result of biological N fixation from the atmosphere [4,
24, 25]. In addition, pea uses less soil water than spring wheat and barley, thereby leaving more
water available for succeeding crops and increasing their yields [4, 26]. Other benefits of crop
rotation compared with monocropping include decreased pressure from weeds, diseases, and
pests [4, 27], reduced chemical inputs, and improved economic and environmental sustainabil-
ity [28].

Although information on the effects of tillage, cropping systems, and N rates on soil C and
N and crop yields in the northern Great Plains is available [13, 23], little is known about novel
management practices that can simultaneously enhance soil organic matter, reduce N rate,
potential for N leaching, and GHG emissions, and sustain crop yields and quality in the north-
ern Great Plains, USA. This study compared novel and traditional management practices that
included combinations of tillage, cropping systems, and N fertilization rates on soil C and N,
GWP, GHGI, and malt barley yield and quality under non-irrigated and irrigated conditions
from 2008 to 2011 in eastern Montana and western North Dakota, USA. It was hypothesized
that the novel management practice (no-till barley-pea with reduced N rate) can increase soil C
and N storage, reduce residual soil NO3-N content, GWP, and GHGI, and sustain malt barley
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yield and quality compared with the traditional management practice (conventional till malt
barley-fallow or continuous malt barley with recommended N rate).

Materials and Methods
The details of the experiment were described by Sainju et al. [29]. The studies were conducted on
government farms owned by USDA-ARS, Sidney, MT and no specific permission was needed to
conduct the study and collect data. Also, the field study did not involve protected or endangered
species. Briefly, the experiments were conducted under non-irrigated condition from 2006 to 2011
in Sidney, eastern Montana and under irrigated and non-irrigated conditions from 2005 to 2011
in Nesson Valley, western North Dakota, both were located in the northern Great Plains, USA. In
Sidney, mean monthly air temperature ranges from -8°C in January to 33°C in August and mean
(68-yr average) annual precipitation is 340 mm. The soil wasWilliams loam (fine-loamy, mixed,
frigid, Typic Argiborolls) with 350 g kg-1 sand, 325 g kg-1 silt, 325 g kg-1 clay, 11.5 g kg-1 SOC, and
7.2 pH at the 0–15 cm depth. In Nesson Valley, mean monthly air temperature ranges from -5°C
in January to 32°C in August and mean (56-yr average) annual precipitation is 405 mm. The soil
was Lihen sandy loam (sandy, mixed, frigid, Entic Haplustoll) with 720 g kg-1 sand, 120 g kg-1 silt,
160 g kg-1 clay, 11.2 g kg-1 SOC, and 7.7 pH at the 0–15 cm depth.

In Sidney, treatments included a combination of four tillage and cropping sequences (no-till
continuous malt barley, no-till malt barley-pea, no-till malt barley-fallow, and conventional till
malt barley-fallow), each with a split-plot treatment of four N rates (0, 40, 80, and 120 kg N ha-1).
In Nesson Valley, treatments included two irrigation systems (irrigated vs. non-irrigated), each
with a split-plot treatment of five management practices (conventional till malt barley with 67 or
134 kg N ha-1, conventional till malt barley with 0 kg N ha-1, no-till malt barley-pea with 67 or
134 kg N ha-1, no-till malt barley with 67 or 134 kg N ha-1, and no-till malt barley with 0 kg N
ha-1). The recommended N rates for irrigated and non-irrigated malt barley in Nesson Valley
were 134 and 67 kg N ha-1, respectively. Actual amount of N fertilization rates applied to malt
barley, however, varied from year to year (Tables 1–3), because N rates were adjusted to soil
NO3-N content to a depth of 60 cm that was measured after crop harvest in the fall of the previ-
ous year. No N fertilizer was applied to pea. Both experiments were arranged in randomized
complete block design with three replications. For this study, only no-till malt barley-pea with
80 kg N ha-1 as the novel management practice and conventional-till malt barley-fallow with
80 kg N ha-1 as the traditional management practice were selected in Sidney. Under non-irrigated
condition in Nesson Valley, only no-till malt barley with 67 N ha-1 as the novel management
practice and conventional till malt barley with 67 kg N ha-1 as the traditional practice were
selected. Similarly, under irrigated condition in Nesson Valley, only no-till malt barley with 134
N ha-1 as the novel management practice and conventional till malt barley with 134 kg N ha-1 as
the traditional practice were selected.

In both sites, six-row malt barley and pea were planted in April every year. Conventional-
tilled plots were tilled as needed and no-tilled plots were left undisturbed. Recommended rates
of P (from triple superphosphate, 45% P) and K fertilizers (from muriate of potash, 60% K)
were broadcast in all plots at planting and herbicides and pesticides were applied as needed to
control weeds, pests, and diseases. All N fertilizer (from urea, 46% N) was broadcast at planting
under non-irrigated condition in Sidney and Nesson Valley. Under irrigated condition in Nes-
son Valley, half of N fertilizer was broadcast at planting and other half at six weeks later. Under
irrigated condition in Nesson Valley, plots were irrigated with measured amount of water
according to soil water content and crop demand [30]. Malt barley and pea grain yields, protein
concentration, and barley kernel plumpness were determined in August every year. Grain
yields were determined from a swath of 11.0 × 1.5 m using a combine harvester after oven-
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drying samples at 60°C for 3 d. Samples of malt barley grain were ground to 1.0 mm and total
N concentration (g N kg-1 plant) was determined by using the high induction furnace C and N
analyzer (LECO, St. Joseph, MI). Protein concentration in malt barley grain was determined by
multiplying N concentration by 6.25. Grain kernels were separated into plump, normal, and
thin fractions by sieving 100 g grains in a nest of sieves containing 2.4 and 2.0 mm sieves in a

Table 1. Comparison of novel (no-till malt barley-pea with 80 kg N ha-1) and traditional (conventional till malt barley-fallow with 80 kg N ha-1) man-
agement practices on ecosystem services under non-irrigated condition in Sidney, eastern Montana.

Parameter Novel management practice Traditional management practice Difference†

2008 2009 2010 2011 Mean 2008 2009 2010 2011 Mean

Soil organic C (Mg C ha-1)‡ 180 182 185 183 183 178 176 180 166 175 8 (5)*

Soil total N (Mg N ha-1)‡ 16.0 16.8 17.3 17.1 16.8 15.8 16.6 17.0 16.6 16.5 0.3 (2)

Residual soil NO3-N (kg N ha-1)‡ 75 90 95 60 80 82 95 95 132 101 -21 (-21)**

Total N rate (kg N ha-1)§ 60 58 49 43 210 57 49 53 23 182 28 (15)

GWP (kg CO2 eq. ha
-1 yr-1)§ 188 -124 -125 541 120 565 350 124 573 403 -283 (-70)***

GHGI (kg CO2 eq. kg
-1 grain yield)¶ 0.08 -0.05 -0.05 0.22 0.05 0.23 0.14 0.05 0.18 0.15 -0.10 (-67)***

Barley grain yield (Mg ha-1) 2.40 2.55 2.75 2.50 2.55 2.45 2.50 2.72 2.85 2.63 -0.08 (-3)

Barley grain concentration (g kg-1) 127 145 140 128 135 129 140 135 132 134 1 (1)

Barley grain plumpness (g kg-1) 768 770 750 800 772 710 758 687 793 737 35 (5)*

*Significant at P = 0.05

**Significant at P = 0.01

***Significant at P = 0.001

† Number in parenthesis denotes value in percentage.

‡ Measured at the 0- to 120-cm soil depth.

§ Global warming potential

¶ Greenhouse gas intensity

doi:10.1371/journal.pone.0149005.t001

Table 2. Comparison of novel (no-till malt barley-pea with 67 kg N ha-1) and traditional (conventional till malt barley with 67 kg N ha-1) practices on
ecosystem services under non-irrigated condition in Nesson Valley, western North Dakota.

Parameter Novel management practice Traditional management practice Difference†

2008 2009 2010 2011 Mean 2008 2009 2010 2011 Mean

Soil organic C (Mg C ha-1)‡ 53 59 65 67 61 54 61 67 70 63 -2 (-3)

Soil total N (Mg N ha-1)‡ 9.0 9.7 10.5 10.0 9.8 9.3 9.9 10.8 10.4 10.1 -0.3 (-3)

Residual soil NO3-N (kg N ha-1)‡ 25 40 53 22 35 51 60 75 78 66 -31 (-47)**

Total N rate (kg N ha-1)§ 30 25 20 30 105 50 40 35 35 160 -55 (-34)

GWP (kg CO2 eq. ha
-1 yr-1)§ 503 795 324 362 496 1501 2005 1121 1145 1443 -947 (-66)***

GHGI (kg CO2 eq. kg
-1 grain yield)¶ 0.18 0.23 0.09 0.10 0.15 0.55 0.60 0.32 0.29 0.44 -0.29 (-66)***

Barley grain yield (Mg ha-1) 2.81 3.52 3.45 3.22 3.25 2.75 3.35 3.45 3.65 3.30 -0.05 (-2)

Barley grain concentration (g kg-1) 140 151 155 142 147 145 139 148 140 143 4 (3)

Barley grain plumpness (g kg-1) 760 800 823 777 790 775 798 802 789 791 -1 (-1)

**Significant at P = 0.01

***Significant at P = 0.001

† Number in parenthesis denotes value in percentage.

‡ Measured at the 0- to 85-cm soil depth.

§ Global warming potential

¶ Greenhouse gas intensity

doi:10.1371/journal.pone.0149005.t002
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strand sieve shaker (Seedburo Equipment Co., Des Plains, IL) for 3 min. Plump kernel refers to
the proportion of grains retained in the 2.4 mm sieve, normal to those in the 2.0 mm sieve, and
thin to those that passed through the 2.0 mm sieve. After grain harvest, crop residue was
returned to the soil. For this experiment, only data from 2008 to 2011 were used.

Soil samples from 0–120 cm in Sidney and from 0–85 cm in Nesson Valley were collected
after crop harvest in October from 2008 to 2011. Because of the sandy texture of the soil in the
subsoil layers, we were able to sample only to a depth of 85 cm in Nesson Valley. Samples were
collected from five places within the plot, composited, air-dried, and sieved to 2 mm. An addi-
tional undisturbed soil core was collected from each plot to determine bulk density, which was
measured by dividing the oven-dried weight of the soil core at 105°C for 24 h by the volume of
the core. The SOC and STN concentrations (g kg-1) in the samples were determined by using a
C and N analyzer (LECO Corp., St Joseph, MI) after grinding the soil to<0.05 mm and pre-
treating with 6 mole L-1 HCl to remove inorganic C. The NO3-N concentration in soil samples
was determined by extracting samples with 2 mole L-1 KCl for 1 h and analyzing the extract
colorimetrically with an autoanalyzer (Lachat Instruments, Loveland, CO). The SOC, STN,
and NO3-N contents (kg or Mg C or N ha-1) were determined by multiplying their concentra-
tions by the bulk density and the thickness of the soil layer. The soil C and N sequestration
rates were determined from the slope of the regression line between SOC and STN contents
and year.

Static chambers were installed immediately after crop planting in 2008 to measure N2O and
CH4 fluxes throughout the year until 2011 in both sites [29]. Gas samples were collected at 0,
20, and 40 min intervals in an observation date in the field and their concentrations were deter-
mined using a gas chromatograph in the laboratory. Samples were collected at 3–30 d intervals
throughout the year where closer sampling (3 d) was done immediately following tillage, fertili-
zation, planting, precipitation, irrigation, and snowmelt when gas fluxes peaked and wider
sampling (7 to 30 d) in other periods when gas fluxes slowed. The fluxes of N2O and CH4 as

Table 3. Comparison of novel (no-till malt barley-pea with 134 kg N ha-1) and traditional (conventional till malt barley with 134 kg N ha-1) manage-
ment practices on ecosystem services under irrigated condition in Nesson Valley, western North Dakota.

Parameter Novel management practice Traditional management practice Difference†

2008 2009 2010 2011 Mean 2008 2009 2010 2011 Mean

Soil organic C (Mg C ha-1)‡ 55 61 60 64 60 54 55 59 60 57 3(5)*

Soil total N (Mg N ha-1)‡ 9.1 9.5 10.2 10.0 9.7 8.9 9.3 9.0 8.4 8.9 0.8 (9)*

Residual soil NO3-N (kg N ha-1)‡ 27 34 36 39 34 30 65 87 78 65 -31 (-48)**

Total N rate (kg N ha-1)§ 75 70 70 50 265 90 85 70 75 320 -55 (-17)

GWP (kg CO2 eq. ha
-1 yr-1)§ 745 1530 957 948 1045 1505 1950 1803 1170 1607 -562 (-35)***

GHGI (kg CO2 eq. kg
-1 grain yield)¶ 0.21 0.20 0.18 0.37 0.24 0.41 0.36 0.36 0.39 0.38 -0.14 (-37)***

Barley grain yield (Mg ha-1) 3.51 5.12 5.34 3.55 4.38 3.65 5.35 5.00 2.80 4.20 0.18 (4)

Barley grain concentration (g kg-1) 131 138 135 132 134 133 139 136 132 135 -1 (-1)

Barley grain plumpness (g kg-1) 850 875 880 843 862 842 880 828 790 835 27 (3)

*Significant at P = 0.05

**Significant at P = 0.01

***Significant at P = 0.001

† Number in parenthesis denotes value in percentage.

‡ Measured at the 0- to 85-cm soil depth.

§ Global warming potential

¶ Greenhouse gas intensity

doi:10.1371/journal.pone.0149005.t003
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concentrations gradient over time were calculated by using linear or nonlinear regressions and
fluxes for missing dates were calculated by using linear interpolation [31, 32]. Total fluxes in a
year were calculated by summing the fluxes from all observation dates. The GWP in each year
was calculated by summing CO2 equivalents of total annual N2O and CH4 fluxes, farm opera-
tions, and N fertilization minus CO2 equivalent of soil C sequestration rate [6, 9, 33]. The
GHGI was calculated by dividing GWP by malt barley grain yield [6].

A paired “t” test was used to compare the effect of novel vs. traditional management practice
on mean SOC, STN, NO3-N contents, GWP, GHGI, and malt barley yield and quality in each
year and across years under non-irrigated condition in Sidney and under irrigated and non-
irrigated conditions in Nesson Valley [34]. Because irrigation and its interaction with manage-
ment practice were significant (P� 0.05) for all measured parameters as tested by the mixed-
model of SAS [34], data were discussed separately for irrigated and non-irrigated conditions in
Nesson Valley. Statistical significance was evaluated at P� 0.05, unless otherwise stated.

Results and Discussion

Non-irrigated Cropping System, Eastern Montana
At the 0–120 cm depth, SOC and STN increased from 2008 to 2010 and then either remained
similar or slightly decreased in 2011 with both novel and traditional management practices for
non-irrigated cropping system in Sidney, eastern Montana (Table 1, S1 Table). This resulted in
soil C sequestration rates of 1.8 and -3.2 Mg C ha-1 yr-1 and N sequestration rates of 0.38 and
0.28 Mg N ha-1 yr-1 at 0–120 cm for novel and traditional management practices, respectively.
Mean SOC across years was 5% greater with the novel than the traditional management prac-
tice, but mean STN was not affected by management practices. Undisturbed soil, followed by
continuous cropping likely increased SOC (resulting in a positive C sequestration rate) with
the novel compared with the traditional management practice. In contrast, residue incorpo-
ration into the soil and aggregate disruption due to tillage, followed by increased microbial
activity as a result of greater soil temperature and water content as well as absence of crops dur-
ing fallow probably reduced SOC (resulting in a negative C sequestration rate) with the tradi-
tional management practice [1, 13]. Because SOC and STN are key components of soil organic
matter that influences soil physical, chemical, and biological properties [1, 24, 35], increased
SOC and STN with the novel management practice suggest that this practice can improve soil
health and quality compared with the traditional management practice under non-irrigated or
dryland cropping systems in eastern Montana.

Residual soil NO3-N content at 0–120 cm after crop harvest varied with years with both
novel and traditional management practices (Table 1, S1 Table). This was probably due to vari-
ations in organic N mineralization from crop residue and soil as a result of differences in air
temperature and precipitation as well as N removal by crops from year to year. As a result, N
rate applied from N fertilizers also varied among years (Table 1). Mean residual soil NO3-N
content across years was 21% lower with the novel than the traditional management practice.
Because increased residual soil profile NO3-N content increases the potential for N leaching to
the groundwater [3, 20], reduced NO3-N content suggests that the novel management practice
can reduce the potential for N leaching, thereby improving water quality. Total N rate applied
from 2008 to 2011, however, was 15% greater with the novel than the traditional management
practice. Because applied N rate was based on soil NO3-N content only to a depth of 60 cm,
not 120 cm, it appeared that reduced NO3-N content to a depth 60 cm increased N rate in the
novel management practice. Mineralization of crop residue and soil organic N during tillage
and fallow increases soil NO3-N content and reduces N fertilization rate in the traditional man-
agement practice [20, 23, 24, 26].
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The GWP and GHGI also varied among years with both novel and traditional management
practices (Table 1, S2 Table). Variations in N2O and CH4 fluxes due to differences in soil tem-
perature and water content and N fertilization rates resulted in various GWP and GHGI
among years, a case similar to those reported by various researchers [5, 6, 9]. Mean GWP and
GHGI across years were 67 to 70% lower with the novel than the traditional management prac-
tice (Table 1). Increased C sequestration rate, followed by lower N2O and CH4 fluxes and
reduced CO2 emissions associated with farm operations, probably decreased GWP and GHGI
with the novel compared with the traditional management practice. Similar results have been
reported by various researchers [6, 9, 19, 36]. This indicates that the novel management prac-
tice can reduce net GHG emissions compared with the traditional management practice in the
loam soil under non-irrigated cropping systems in eastern Montana.

Malt barley grain yield, protein concentration, and grain plumpness also varied among
years (Table 1, S3 Table) due to variations in air temperature and precipitation during the
growing season. Mean grain yield and protein concentration across years were not significantly
different between the novel and traditional management practices, and mean grain plumpness
was 5% greater with the novel than the traditional management practice. The results suggest
that dryland malt barley grain yield and quality can be similar or superior with the novel com-
pared with the traditional management practice.

Non-irrigated Cropping System, Western North Dakota
The SOC and STN at 0–85 cm increased from 2008 to 2011 for both novel and traditional man-
agement practices under non-irrigated condition in Nesson Valley, western North Dakota, except
for a slight decrease in STN in 2011 for the novel management practice (Table 2, S4 Table). This
resulted in C sequestration rates of 4.8 and 5.4 Mg C ha-1 yr-1 and N sequestration rates of 0.38
and 0.42Mg N ha-1 yr-1 for novel and traditional management practices, respectively. These val-
ues were greater than those reported for SOC and STN at 0–120 cm for novel and traditional
management practices under non-irrigated cropping systems in eastern Montana above. Differ-
ences in soil and climatic conditions, management practices, and depth of the soil profile may
have influenced turnover rates of plant C and N to soil C and N, thereby influencing C and N
sequestration rates between locations. Soil in western North Dakota was sandy loam compared
to loam in eastern Montana. Western North Dakota also receives 50 mmmore precipitation
than eastern Montana, although air temperature is similar. Also, soils were sampled to a depth of
85 cm in western North Dakota compared to a depth of 120 cm in eastern Montana. It is likely
that increased turnover rates of plant C and N into soil C and N increased C and N sequestration
rates with coarse- compared with fine-textured soil. Both mean SOC and STN across years, how-
ever, were not significantly different between novel and traditional management practices.

As in eastern Montana, residual soil NO3-N content at 0–85 cm varied among years in the
novel management practice, but increased with year in the traditional management practice
(Table 2, S4 Table). Increased mineralization of crop residue and soil organic N due to tillage
likely increased residual NO3-N from 2008 to 2011 in the traditional management practice.
Mean residual soil NO3-N content across years was 47% lower in the novel than the traditional
management practice. Similarly, total N rate applied to malt barley from 2008 to 2011 was 34%
lower with the novel than the traditional management practice (Table 2). Inclusion of legumes,
such as pea which fixes N from the atmosphere, in rotation with malt barley likely reduced
residual soil NO3-N content and total N rate by supplying N from its residue in the novel man-
agement practice.

The GWP and GHGI for both management practices also varied among years (Table 2, S5
Table). The GWP and GHGI values were greater in western North Dakota than eastern
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Montana due to increased N2O and CH4 emissions. Both mean GWP and GHGI across years
were 66% lower with the novel than the traditional management practice. Although soil C
sequestration rate was slightly lower, reduced N2O and CH4 emissions, followed by decreased
CO2 emissions associated with reduced N fertilization rate and farm operations, reduced GWP
and GHGI with the novel compared with the traditional management practice.

Malt barley grain yield, protein concentration, and grain plumpness also varied among
years due to variations in climatic conditions (Table 2, S6 Table). Grain yield was lower in 2008
than other years due to below-average precipitation (96 mm below the 65-yr average of 272
mm during the growing season from April to August), but rebounded in other years when
growing-season precipitation was near or above the normal. Mean malt barley grain yield, pro-
tein concentration, and grain plumpness across years were not significantly different between
novel and traditional management practices, suggesting that the novel management practice
can produce similar levels of crop yield and quality as traditional practice, a case similar to that
observed for non-irrigated cropping systems in eastern Montana.

Irrigated Cropping System, Nesson Valley, Western North Dakota
The SOC and STN at 0–85 cm varied among years for novel and traditional management prac-
tices under irrigation condition in Nesson Valley, western North Dakota (Table 3, S4 Table).
Regression analysis showed that C sequestration rates were 2.6 and 2.2 Mg C ha-1 and N
sequestration rates 0.34 and -0.18 Mg N ha-1 for novel and traditional management practices,
respectively. These values were lower than for the non-irrigated condition above. Leaching of
water soluble C and N from the soil profile due to irrigation may have reduced SOC and STN
levels, as well as C and N sequestration rates under irrigated compared with non-irrigated con-
dition. Several researchers [37, 38, 39] also reported lower SOC under irrigated than non-irri-
gated cropping systems due to increased C mineralization and loss of water soluble C through
leaching due to irrigation. Mean SOC and STN across years were 5 to 9% greater with the
novel than the traditional management practice (Table 3). As in eastern Montana, undisturbed
soil condition and reduced mineralization of crop residue and soil organic matter may have
increased SOC and STN in the novel compared with the traditional management practice.

Residual soil NO3-N content at 0–85 cm also varied among years (Table 3, S5 Table). These
values were greater than those observed for the non-irrigated condition above, probably the
results of increased crop residue and soil organic N mineralization as well as greater N rate
applied to irrigated barley. Crops can utilize only 50 to 70% of applied N, and increased N rate
can increase residual soil profile NO3-N content [40, 41]. Mean residual NO3-N content was
31% lower with the novel than the traditional management practice, a value similar to that
obtained for non-irrigated condition. Because of variations in residual soil NO3-N content, N
rate applied to malt barley also varied among years (Table 3). Total N rate from 2008 to 2011
was 17% lower in the novel than the traditional management practice, which is half of that
obtained in the non-irrigated condition. Although N supplied from pea residue reduced N rate
in the novel compared with the traditional management practice under both irrigated and
non-irrigated conditions, lower N rate under the irrigated condition was due to greater residual
soil NO3-N content.

As with other sites, GWP and GHGI varied among years in both management practices
(Table 3) due to variations in N2O and CH4 emissions and N fertilization rates. These values
were greater than those observed under the non-irrigated condition (Table 2), probably due to
enhanced microbial activity as a result of increased soil water availability from irrigation and N
substrate availability from N fertilization. Mean GWP and GHGI across years were 35 to 37%
lower with the novel than the traditional management practice. Increased C sequestration rate,
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followed by lower N2O and CH4 emissions and reduced CO2 emissions associated with N fer-
tilization and farm operations reduced GWP and GHGI with the novel compared with the tra-
ditional management practice.

Malt barley grain yield, protein concentration, and grain plumpness also varied among
years due to differences in growing season climatic conditions (Table 3, S6 Table). Grain yield
and grain plumpness were higher with the irrigated than the non-irrigated condition, but pro-
tein concentration was similar (Tables 2 and 3). Increased soil water availability due to irriga-
tion probably increased grain yield and grain plumpness under the irrigated condition. As with
the non-irrigated condition, mean grain yield, protein concentration, and grain plumpness
across years were not significantly different between novel and traditional management prac-
tices (Table 3). Mean malt barley protein concentration and grain plumpness across years
obtained in this study were within the acceptable levels of<135 g kg-1 protein concentration
and>800 g kg-1 grain plumpness for six-row malt barley for malting purpose [42].

Conclusions
The SOC and STN at 0–120 cm increased, but residual soil NO3-N content, N rate, GWP,
GHGI, malt barley grain yield, protein concentration, and grain plumpness varied among
years from 2008 to 2011 in both novel and traditional management practices under irrigated
and non-irrigated conditions in eastern Montana and western North Dakota. Mean SOC, STN,
malt barley grain yield, protein concentration, and grain plumpness across years were greater
or similar, but residual soil NO3-N content, N rate, GWP, and GHGI were lower with the
novel than the traditional management practice. These results suggest that the novel manage-
ment practice, such as no-till malt barley-pea with reduced N rate, can improve soil and envi-
ronmental quality and sustain malt barley yield simultaneously by increasing soil C and N
storage, reducing the potential for N leaching and net GHG emissions, and maintaining malt
barley yield and quality compared with the traditional practices, such as conventional till con-
tinuous malt barley or malt barley-fallow with recommended N rates under irrigated and non-
irrigated cropping systems in the northern Great Plains. The practice may also reduce agricul-
tural inputs, such as the energy requirement for tillage and N fertilizer. Another benefit would
be reduced incidences with weeds, diseases, and pests due to crop rotation in the novel manage-
ment practice compared with monocropping or crop-fallow in the traditional management
practice. The results can be applied to other regions with similar soil and climatic conditions
where small grains are grown.

Supporting Information
S1 Table. Soil C and N data for non-irrigated cropping system in eastern Montana.
(XLSX)

S2 Table. Data for global warming potential and greenhouse intensity for non-irrigated
cropping system in eastern Montana.
(XLSX)

S3 Table. Data for malt barley yield, grain protein concentration, and grain plumpness for
non-irrigated cropping system in eastern Montana.
(XLSX)

S4 Table. Soil C and N data for non-irrigated and irrigated cropping systems in western
North Dakota.
(XLSX)
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non-irrigated and irrigated cropping systems in western North Dakota.
(XLSX)

Acknowledgments
I appreciate the excellent support from Joy Barsotti, Michael Johnson, Bill Iversen, Bryan
Gephart, and Chris Russell for plot management, irrigation, field data collection, and collection
and analysis of gas, soil, and plant samples in the laboratory. I also appreciate the funding for
these studies from USDA-ARS, GRACEnet Project.

Mention of trade names or commercial products in this publication is solely for the purpose
of providing specific information and does not imply recommendation or endorsement by
USDA. The USDA is an equal opportunity employer.

Author Contributions
Conceived and designed the experiments: UMS. Performed the experiments: UMS. Analyzed
the data: UMS. Contributed reagents/materials/analysis tools: UMS. Wrote the paper: UMS.

References
1. Halvorson AD, Wienhold BJ, Black AL (2002) Tillage, nitrogen, and cropping system effects on soil car-

bon sequestration. Soil Sci Soc Am J 66:906–912.

2. Peterson GA, Halvorson AD, Havlin JL, Jones OR, Lyon DG, Tanaka DL (1998) Reduced tillage and
increasing cropping intensity in the Great Plains conserve soil carbon. Soil Tillage Res 47:207–218.

3. Eck HV, Jones OR (1992) Soil nitrogen status as affected by tillage, crops, and crop sequences. Agron
J 84:660–668.

4. Miller PR, McConkey B, Clayton GW, Brandt SA, Staricka JA, Johnston AM et al. (2002) Pulse crop
adaptation in the northern Great Plains. Agron J 94:261–272.

5. Mosier AR, Halvorson AD, Peterson GA, Robertson GP, Sherrod L (2005) Measurement of net global
warming potential in three agroecosystems. Nutri Cycl Agroecosys 72:67–76.

6. Mosier AR, Halvorson AD, Reule CA, Liu XJ (2006) Net global warming potential and greenhouse gas
intensity in irrigated cropping systems in northeastern Colorado. J Environ Qual 35:1584–1598. PMID:
16825479

7. Lal R, Kimble JM, Stewart BA (1995) World soils as a source or sink for radiatively-active gases. In: Lal
R, editor, Soil management and greenhouse effect. Advances in soil science. CRC Press, Boca
Raton, FL, pp. 1–8.

8. Paustian K, Robertson GP, Elliott ET (1995) Management impacts on carbon storage and gas fluxes in
mid-latitudes cropland. In: Lal R, editor, Soils and global climate change. Advances in soil science.
CRC Press, Boca Raton, FL, pp. 69–83.

9. Robertson GP, Grace PR (2004) Greenhouse gas fluxes in tropical and temperate agriculture: The
need for a full-cost accounting of global warming potentials. Environ Develop Sustain 6:51–63.

10. Lemke RL, Izaurralde RC, Nyborg M, Solberg ED (1999) Tillage and nitrogen source influence soil-
emitted nitrous oxide in the Alberta Parkland region. Can J Soil Sci 79:15–24.

11. Drury CF, Reynolds WD, Tan CS, Welacky TW, Calder W, McLaughlin MB (2006) Emissions of nitrous
oxide and carbon dioxide: Influence of tillage type and nitrogen placement depth. Soil Sci Soc Am J
70:570–581.

12. Follett RF (2001) Soil management concepts and carbon sequestration in cropland soils. Soil Tillage
Res 61:77–92.

13. Sainju UM, Jabro JD, Caesar-TonThat T (2010) Tillage, cropping sequence, and nitrogen fertilization
effect on dryland soil carbon dioxide emission and carbon content. J Environ Qual 37:98–106.

Management Practice Impact on Soil and Environmental Quality

PLOS ONE | DOI:10.1371/journal.pone.0149005 February 17, 2016 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149005.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149005.s006
http://www.ncbi.nlm.nih.gov/pubmed/16825479


14. Dusenbury MP, Engel RE, Miller PR, Lemke RL, Wallander R (2008) Nitrous oxide emissions from a
northern Great Plains soil as influenced by nitrogen management and cropping systems. J Environ
Qual 37:542–550. PMID: 18389938

15. Robertson GP, Vitousek PM (2009) Nitrogen in agriculture: Balancing the cost of an essential resource.
Annu Rev Environ Resour 34: 97–125.

16. Bronson KF, Mosier AR (1994) Suppression of methane oxidation in aerobic soil by nitrogen fertilizers,
nitrification inhibitors, and urease inhibitors. Biol Fert Soils 17:263–268.

17. Amos B., Arkebauer TJ, Doran JW (2005) Soil surface fluxes of greenhouse gases in an irrigated
maize-based agroecosystem. Soil Sci Soc Am J 69:387–395.

18. Al-Kaisi MM, Kruse ML, Sawyer JE (2008) Effect of nitrogen fertilizer application on growing season
carbon dioxide emissions in a corn-soybean rotation. J Environ Qual 37:325–332. doi: 10.2134/
jeq2007.0240 PMID: 18268294

19. Robertson GP, Paul E, Harwood R (2000) Greenhouse gases in intensive agriculture: Contribution of
individual gases to the radiative forcing of the atmosphere. Science 289:1922–1925. PMID: 10988070

20. Wood CW,Westfall DG, Peterson GA, Burke IC (1990) Impact of cropping intensity on carbon and
nitrogen mineralization under no-till agroecosystems. Agron J 82:1115–1120.

21. Farhani HJ, Peterson GA, Westfall DG (1998) Dryland cropping intensification: A fundamental solution
to efficient use of precipitation. Adv Agron 64:197–223.

22. Deibert EJ, French E, Hoag B (1986) Water storage and use by spring wheat under conventional tillage
and no-tillage in continuous and alternate crop-fallow systems in the northern Great Plains. J Soil
Water Conserv 41:53–58.

23. Aase JK, Pikul JL Jr (1995) Crop and soil responses to long-term tillage practices in the northern Great
Plains. Agron J 87:652–656.

24. Sainju UM, Caesar-TonThat T, Lenssen AW, Evans RG (2009) Dryland crop yields and soil organic
matter as influenced by long-term tillage and cropping sequence. Agron J 101:243–251.

25. Sainju UM, Lenssen AW (2011) Soil nitrogen dynamics under dryland alfalfa and durum-forage crop-
ping sequences. Soil Sci Soc Am J 75:669–677.

26. Lenssen AW,Waddell JT, Johnson GD, Carlson GR (2007) Diversified cropping systems in semiarid
Montana: Nitrogen use during drought. Soil Tillage Res 94:362–375.

27. Vigil MF, Anderson RA, BeardWE (1997) Base temperature growing-degree-hour requirements for
emergence of canola. Crop Sci 37:844–849.

28. Gregory PJ, Ingram JSI, Anderson R, Betts RA, Brovkin V, Chase TN et al. (2002) Environmental con-
sequences of alternative practices for intensifying crop production. Agric Ecosys Environ 88:279–290.

29. Sainju UM, Caesar-TonThat T, Caesar A (2012) Comparison of soil carbon dioxide flux measurements
by static and portable chambers in various management practices. Soil Tillage Res 118:123–131.

30. StevensWB, Evans RG, Jabro JD, IversenWM (2010) Nitrogen availability for sugarbeet affected by
tillage system and sprinkler irrigation method. Agron J 102:1745–1752.

31. Hutchinson GL, Mosier AR (1981) Improved soil cover method for field measurements of nitrous oxide
fluxes. Soil Sci Soc Am J 45:311–316.

32. Liebig MA, Tanaka DL, Gross JR (2010) Fallow effects on soil carbon and greenhouse gas flux in cen-
tral North Dakota. Soil Sci Soc Am J 74:358–365.

33. Lal R (2004) Carbon emission from farm operations. Environ Int 30:981–990. PMID: 15196846

34. Littell RC, Freund RJ, Spector PC (1991) SAS system for linear models. 3rd ed. SAS Inst. Inc., Cary,
NC.

35. Kuo S, Sainju UM, Jellum EJ (1997) Winter cover cropping influence on nitrogen in soil. Soil Sci Soc
Am J 61:1392–1399.

36. Barsotti JL, Sainju UM, Lenssen AW, Montagne C, Hatfield PG (2013) Net greenhouse gas emissions
affected by sheep grazing in dryland cropping systems. Soil Sci Soc Am J 77:1012–1025.

37. Denef K, Stewart CE, Brenner J, Paustian K (2008) Does long-term center-pivot irrigation increase soil
carbon stocks in semiarid agroecosysyems? Geoderma 145:121–129.

38. Schipper LA, Dodd MB, Pronger J, Mudge PL, Upsdell M, Moss RA (2013) Decadal changes in soil car-
bon and nitrogen under a range of irrigation and phosphorus fertilizer treatments. Soil Sci Soc Am J
77:246–256.

39. Follett RF, Jantalia CP, Halvorson AD (2012) Soil carbon dynamics for irrigated corn under two tillage
systems. Soil Sci Soc Am J 77:951–963.

40. Hallberg GR (1989) Nitrate in groundwater in the United States. In: Follett RF, editor, Nitrogen manage-
ment and groundwater protection. Elsevier, Amsterdam, pp. 35–74.

Management Practice Impact on Soil and Environmental Quality

PLOS ONE | DOI:10.1371/journal.pone.0149005 February 17, 2016 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/18389938
http://dx.doi.org/10.2134/jeq2007.0240
http://dx.doi.org/10.2134/jeq2007.0240
http://www.ncbi.nlm.nih.gov/pubmed/18268294
http://www.ncbi.nlm.nih.gov/pubmed/10988070
http://www.ncbi.nlm.nih.gov/pubmed/15196846


41. Bergstrom L., Kirchmann H (2004) Leaching and crop uptake of nitrogen from nitrogen-15 labeled
green manures and ammonium nitrate. J Environ Qual 33:1786–1792. PMID: 15356239

42. American Malting Barley Association (2005) Malting barley breeding guidelines: Ideal commercial malt
criteria. Available at www.ambainc.org/ni/index/htm. Accessed 4 Dec, 2006. Verified 10 Aug. 2007.
Miwaukee, WI.

Management Practice Impact on Soil and Environmental Quality

PLOS ONE | DOI:10.1371/journal.pone.0149005 February 17, 2016 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/15356239
http://www.ambainc.org/ni/index/htm

