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Abstract: Innovative management practices are needed to mitigate greenhouse gas (GHG) emissions
from the agricultural sector by enhancing soil carbon (C) and nitrogen (N) stocks, which serve as major
reservoirs of C and N in the terrestrial ecosystem. The effect of cropping systems and N fertilization
rates were examined on soil organic C (SOC) and soil total N (STN) stocks at the 0–120 cm depth
from 2011 to 2018 in a dryland farm in the US northern Great Plains. Cropping systems were no-till
continuous spring wheat (Triticum aestivum L.) (NTCW), no-till spring wheat–pea (Pisum sativum L.)
(NTWP), no-till spring wheat–fallow (NTWF), and conventional till spring wheat–fallow (CTWF) and
N fertilization rates were 0, 50, 100, and 150 kg N ha−1 applied to spring wheat. The SOC and STN
were greater for NTWP than other cropping systems at most N fertilization rates and depth layers.
Increasing N fertilization rate increased SOC at 0–30 cm for NTWP and NTCW, but had a variable
effect on STN for various cropping systems and soil depths. The NTWP with 50–100 kg N ha−1 can
enhance SOC and STN at 0–30 cm compared to other cropping systems and N fertilization rates in
the US northern Great Plains.

Keywords: carbon sequestration; crop rotation; dryland cropping systems; management practices;
nitrogen application; nitrogen storage

1. Introduction

Global warming due to significant production of greenhouse gases (GHG), such as
carbon dioxide (CO2) and nitrous oxide (N2O), from the agricultural sector is a major
concern [1,2]. Mineralization of soil organic matter due to agricultural activities, such as
tillage and fallow, can enhance both CO2 and N2O emissions and excessive application of N
fertilizers beyond crops’ need can accelerate N2O emissions [3–5]. Innovative management
strategies are needed to mitigate GHG emissions by enhancing C and N sequestrations
by increasing soil C and N stocks. Dryland soils typically produce lower crop biomass,
returned to the soil as crop residue due to limited precipitation than irrigated soils and
occupy about 47% of the earth’s surface [6]. There is a tremendous potential for C and
N sequestration in dryland soils by employing improved management practices, such
as no-tillage and crop rotation, which can also improve soil health and crop yields and
mitigate GHG emissions [7].

The traditional cropping system of conventional till crop fallow has not only reduced
soil C and N stocks by enhancing mineralization of soil organic matter, but also reduced
crop yields in the US northern Great Plains [8–10]. Tillage can accelerate the mineralization
of organic matter by breaking down soil aggregates and incorporating crop residues into
the soil [11,12]. Similarly, fallow can increase the mineralization of soil organic C (SOC)
and soil total N (STN) by increasing microbial activity through increased soil temperature
and water content and by reducing plant C and N inputs [9,13,14]. Because of lower crop
residue C and N inputs than irrigated soils, there is a greater challenge to enhance SOC
and STN stocks in dryland soils [10,15]. As a result, it takes a longer time to enhance C and
N sequestrations in dryland soils [14,16].
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Adoption of improved management practices can increase SOC and STN stocks
in dryland soils. Numerous researchers [5,10,14,17,18] have demonstrated that no-till
continuous cropping can increase SOC and STN stocks compared to conventional till
crop fallow by enhancing the amount of crop residue returned to the soil in dryland
cropping systems. The effect of N fertilization on SOC and STN had been variable. Some
studies [11,19–21] showed that N fertilization increased SOC and STN at the surface soil
layer (0–30 cm) compared to no N fertilization. Nitrogen fertilization increased STN but not
SOC compared to no N fertilization [22,23]. Bremer et al. [24] reported that N fertilization
increased SOC in continuous spring wheat more than spring wheat–fallow or spring
wheat–pea rotation compared to no N fertilization. Schemer et al. [17] observed that crop
rotation had a greater effect on SOC and STN than N fertilization. Other researchers [12,25],
however, did not find significant effect of N fertilization on SOC and STN.

The SOC and STN can also be variable with years of experimentation. The SOC and
STN increased with year due to enhanced C and N sequestration rates stemming from
greater crop residue returned to the soil [11,17,25]. However, some researchers [10,18,26,27]
have reported that SOC and STN declined with year from their original stocks due to
inadequate amount of crop residue retuned to dryland soils in long-term experiments,
regardless of cropping systems and N fertilization rates. Nitrogen fertilization, however,
reduced the rate of decline in SOC and STN compared to no N fertilization [26,28]. Several
researchers [14,22] showed that around 5 Mg ha−1 of crop residue returned to the soil is
required to maintain SOC and STN stocks in dryland crop production.

As most studies have reported changes in SOC and STN stocks due to management
practices at surface soil layers (0–30 cm), studies at deep soil layers are rare [29,30]. Because
roots, that are important C and N inputs, grow more than 1 m depth, studies that account for
SOC and STN stocks at deep soil layers at different depth intervals are required to evaluate
the effect of management practices on C and N sequestration rates [29–32]. Variability
in SOC and STN stocks, however, can be higher in subsoil than surface soil layers that
could result in nonsignificant differences in SOC and STN among treatments in the subsoil
layers [14,29,30]. Skadell et al. [31] reported that 79% of difference in SOC among treatments
occur at 0–30 cm, 19% at 30–50 cm, and 30% at 50–100 cm.

This study focused on SOC and STN stocks to a depth of 120 cm as affected by cropping
system and N fertilization rate from 2011 to 2018 in the US northern Great Plains. The
research question was if no-till continuous cropping with reduced N fertilization rate can
enhance SOC and STN stocks compared to conventional till crop fallow with recommended
N fertilization rate in dryland cropping systems. We hypothesized that no-till spring wheat–
pea with 50 kg N ha−1 would increase SOC and STN stocks compared to conventional
till spring wheat–fallow with 100–150 kg N ha−1. The objectives of this study were to
(1) determine the amount of crop residue C and N returned to soil after grain harvest and
(2) evaluate the effect of cropping system and N fertilization rate on SOC and STN stocks
at 0–120 cm from 2011 to 2018 in the US northern Great Plains.

2. Materials and Methods
2.1. Experimental Details

The field experiment was performed from 2011 to 2018 in Sidney, Montana, USA
(48◦33′ N, 104◦50′ W). The soil at study site was a Williams loam (fine-loamy, mixed,
superactive, frigid, Typic Argiustolls) having sand, silt, and clay concentrations of 350, 325,
and 325 g kg−1 respectively, pH 7.2, and SOC concentration 13.2 g C kg−1 at the 0–20 cm
depth at the initiation of the experiment in October 2011. The site had average monthly air
temperature of 8 ◦C and total annual precipitation (30-year average) of 341 mm, 77% of
which occurs during the crop growing season (April–August) (Table 1). The growing season
and annual precipitations were greater in 2013 and lower in 2017 than the 30-year average.
The previous cropping system was the conventional till spring wheat–fallow rotation.
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Table 1. Monthly total precipitation from 2012 to 2018 at the study site. The April–August precipita-
tion is the crop growing season precipitation and the January–December precipitation is the total
annual precipitation.

Month 2012 2013 2014 2015 2016 2017 2018 30-Year Average

January 0 0 1 0 0 3 2 3
February 0 1 0 2 0 1 3 1

March 0 2 1 1 1 2 0 2
April 36 60 35 6 88 8 15 30
May 52 149 90 32 53 12 92 61
June 28 105 28 102 36 32 63 71
July 69 24 12 49 69 15 46 67

August 20 104 131 33 19 37 26 33
September 1 13 29 61 67 47 31 41

October 48 27 2 10 15 24 10 27
November 1 0 2 4 5 0 2 3
December 0 1 0 1 1 4 2 2

April–August 205 442 296 222 265 104 242 262
January–December 255 486 331 301 354 185 292 341

The study had four cropping systems as the main-plot and four N fertilization rates
as the split-plot treatments laid out in a randomized block design with three replications
(Figure 1). Cropping systems were conventional till spring wheat–fallow (CTWF), no-till
spring wheat–fallow (NTWF), no-till spring wheat–pea (NTWP), and no-till continuous
spring wheat (NTCW). The CTWF was the traditional cropping system where plots were
tilled to a depth of 10 cm using a field cultivator equipped with C-shanks and 45-cm wide
sweeps to control weeds and prepare seed bed. Plots in other cropping systems were not
tilled. The NTCW is a 1-year rotation, while other cropping systems were 2-year rotations
with each crop phase of the rotation appearing in every year. Nitrogen fertilization rates
were 0, 50, 100, and 150 kg N ha−1 applied only to the spring wheat phase. Pea and fallow
phases did not receive N fertilizer. The 100 kg N ha−1 is the recommended N fertilization
rate for spring wheat around the study area. Nitrogen fertilization rates were adjusted
to soil NO3-N content to a depth of 60 cm measured in the autumn of the previous year.
Therefore, N fertilization rates included both soil and fertilizer N and are considered as
soil-available N to plant, in order to reduce excessive N fertilization rates for crops and N
loss to the environment. The plot size for the main treatment was 48 m × 6 m and the split
treatment was 12 m × 6 m.

In late April of every year from 2012 to 2018, using a no-till drill, spring wheat
was sown at 80 kg ha−1 and pea at 90 kg ha−1. Pea seeds were inoculated with proper
Rhizobium sp. before sowing. At the same time, P fertilizer as triple super phosphate at
11 kg P ha−1 and K fertilizer as muriate of potash at 27 kg K ha−1 were banded to spring
wheat and pea at 5 cm to the side and 5 cm below seeds. Nitrogen fertilizer as urea at
designated rates was broadcast to spring wheat, a week after sowing. The fallow treatment
did not receive any P and K fertilizers. Crops were grown in the dryland condition and
were not irrigated. Spring wheat and pea received proper herbicides and pesticides to
control weeds and pests. Two days before grain harvest in late July to mid-August every
year, plants were cut using a knife from an area of 0.4 m2 at a height of 2 cm above the
ground from two locations outside yield rows within a plot and composited within a plot.
After removing grains, crop residue (stems and leaves) yield was determined by oven
drying the residue at 70 ◦C for 3 d. Grain yield was determined by harvesting grains from
an area of 11.0 m × 1.5 m and oven drying a sample at 70 ◦C for 7 d. After grain harvest,
crop residue was returned to the soil.
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Figure 1. Plot map of the study with treatments. Cropping systems are CTWF, conventional till
spring wheat–fallow; NTCW, no-till continuous spring wheat; NTWF, no-till spring wheat–fallow;
and NTWP, no-till spring wheat–pea. N0, N1, N2, and N3 represents 0, 50, 100, and 150 kg N ha−1 of
N fertilization rates applied to spring wheat. The US map at the bottom shows the location of site
(with a red asterisk) in eastern Montana (MT), USA.

2.2. Crop and Soil Sample Collection and Analysis

For determining crop residue C and N contents, oven-dried crop residue was ground
to 1 mm. The C and N concentrations in the residue were determined using a C and N
analyzer on a portion of composited ground residue (Model CN 928, LECO, St. Joseph, MI,
USA). Crop residue C and N contents were determined by multiplying the residue yield by
C and N concentrations.

In October 2011, 2013, 2015, and 2018, soil samples were collected at the 0–120 cm
depth using a hydraulic probe (3.5 cm inside diameter) mounted in a truck from five
locations within a split plot. The soil core was separated into six depth intervals (0–5, 5–10,
10–30, 30–60, 60–90, and 90–120 cm), composited within a depth, air-dried, ground, and
sieved to 2 mm. A sample (10 g) of the soil was oven dried at 105 ◦C for 24 h. Soil bulk
density was determined by dividing the weight of the oven-dried soil by the volume of
the core. A sample of air-dried soil was further ground to 0.5 mm and pretreated with 6 M
HCl to remove inorganic C. The SOC and STN concentrations in the pretreated soil was
determined using a C and N analyzer as above. The SOC and STN stocks at each depth
interval were determined by multiplying SOC and STN concentrations by the bulk density
and the thickness of the soil layer and adjusted for each treatment using the equivalent soil
mass method [33]. Total SOC and STN stocks at 0–120 cm were calculated by adding stocks
from individual depth layers.

2.3. Statistical Analysis of Data

Crop residue C and N and SOC and STN stocks at a depth were analyzed using the
SAS-MIXED model [34]. The main-plot treatment was cropping system, split-plot treatment
was N fertilization rate, and repeated measure variable was year. The fixed effects were
cropping system, N fertilization rate, and cropping system × N fertilization rate interaction
and random effects were replication and replication × cropping system interaction. For
data analysis, crop residue C and N for 2-year rotations were calculated by averaging
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residue C and N of each crop phase within a rotation in every year. In the calculation,
residue C and N for the fallow phase were considered zero due to the absence of crops
during the fallow period. The means and interactions were separated by using the least-
square means test [34] when significant. Because N fertilization rate was a quantitative
variable, regression analysis was used to determine the relationship between N fertilization
rate and SOC and STN stocks for each cropping system. Similarly, regression analysis was
used to determine the relationship between year and SOC and STN stocks after considering
that 2011, 2013, 2015, and 2018 represented year 0, 2, 4, and 7, respectively. Statistical
significance was evaluated at p ≤ 0.05, unless stated otherwise.

3. Results
3.1. Crop Residue Carbon and Nitrogen

Crop residue C and N returned to the soil were significantly affected by cropping
system, N fertilization rate, and year, but treatment interactions were not significant
(Table 2). Both crop residue C and N, averaged across N fertilization rates and years, were
11–49% greater for NTWP than NTCW, CTWF, and NTWF and 26–32% greater for NTCW
than CTWF and NTWF. Averaged across cropping systems and years, crop residue C was
18–20% greater for 100 and 150 than 0 kg N ha−1. Crop residue N was 19–30% greater for
50, 100, and 150 than 0 kg N ha−1. Averaged across cropping systems and N fertilization
rates, crop residue C and N were greater in 2016 than other years.

Table 2. Crop residue C and N returned to the soil as affected by cropping system, N fertilization
rate, and year.

Cropping System a N Fertilization Rate
(kg N ha−1) Year Crop Residue C

(Mg C ha−1)
Crop Residue N

(kg N ha−1)

CTWF 0.81c b 28.4c
NTCW 1.11b 38.2b
NTWF 0.78c 25.9c
NTWP 1.25a 51.1a

0 0.85b 28.7b
50 0.99ab 35.5a

100 1.04a 38.2a
150 1.06a 41.2a

2012 0.71cd 29.2cd
2013 0.65d 22.6d
2014 1.14b 33.2c
2015 0.83cd 49.8b
2016 1.91a 68.5a
2017 0.90c 31.1c
2018 0.78cd 2.70c

Significance p values
Cropping system (C) <0.001 0.003
N fertilization rate (F) <0.001 0.022

C × F 0.725 0.863
Year (Y) <0.001 <0.001
C × Y 0.108 0.357
F × Y 0.970 0.999

C × F × Y 1.000 1.000
a Cropping systems are CTWF, conventional till spring wheat–fallow; NTCW, no-till continuous spring wheat;
NTWF, no-till spring wheat–fallow; and NTWP, no-till spring wheat–pea. b Numbers followed by different letters
within a column in a set are significantly different at p ≤ 0.05 by the least square means test.

3.2. Soil Bulk Density

Soil bulk density was significantly affected by cropping system at 90–120 cm and by N
fertilization rate at 5–10, 10–30, 30–60, and 90–120 cm (Table 3). The cropping system × N
fertilization rate interaction was significant at all depth layers. Averaged across years, soil
bulk density varied among cropping systems and N fertilization rates at various depth
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intervals (Figure 2). However, bulk density was usually greater for CTWF and NTWF than
NTCW and NTWP at most N fertilization rates and soil depths. Lack of crops and root
growth during the fallow period may have increased bulk density for CTWF and NTWF
because increased root growth reduces bulk density [35]. Bulk density, however, showed
variable trends with N fertilization rates for various cropping systems and soil depths. It is
expected that variations in bulk density will affect SOC and STN stocks among cropping
systems and N fertilization rates at different depth layers in various years.

Table 3. Analysis of variance for soil bulk density, soil organic C (SOC), and soil total N (STN)
stocks at various intervals of the 0–120 cm depth, with sources of variance as cropping system (C), N
fertilization rate (F), and year (Y).

Source Depth Intervals
0–5 cm 5–10 cm 10–30 cm 30–60 cm 60–90 cm 90–120 cm 0–120 cm

p values
Bulk density

C 0.339 0.338 0.079 0.488 0.873 <0.001 a ND b

F 0.108 <0.001 0.001 0.027 0.067 <0.001 ND
C × F <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ND

Y 0.587 0.680 0.237 0.158 0.328 0.327 ND
C × Y 0.729 0.719 0.725 0.357 0.425 0.482 ND
F × Y 0.751 0.523 0.329 0.289 0.720 0.702 ND

C × F × Y 0.251 0.925 0.357 0.998 0.921 0.805 ND
SOC

C 0.104 0.967 0.436 0.632 0.375 0.138 0.281
F 0.996 0.008 0.063 0.222 0.044 0.032 0.212

C × F 0.002 <0.001 0.009 <0.001 0.046 <0.001 0.003
Y 0.836 0.131 <0.001 0.940 0.034 0.091 0.516

C × Y 0.768 0.611 0.643 0.845 0.954 0.999 0.931
F × Y 0.995 0.767 0.830 0.994 0.987 0.909 1.000

C × F × Y 0.999 0.979 0.968 0.999 0.995 1.000 1.000
STN

C 0.533 0.802 0.282 0.515 0.406 0.270 0.671
F 0.942 0.004 0.092 0.045 0.602 0.712 0.173

C × F <0.001 <0.001 <0.001 0.026 0.014 0.016 0.027
Y 0.071 0.033 0.006 <0.001 <0.001 0.001 0.001

C × Y 0.793 0.965 0.927 0.812 0.160 0.098 0.290
F × Y 0.974 0.990 0.787 0.869 0.572 0.990 0.984

C × F × Y 1.000 1.000 0.989 0.970 0.857 0.963 0.999
a Bold numbers indicate significant p values. b Not determinable.

3.3. Soil Organic Carbon

The SOC was affected by N fertilization rate at 5–10, 60–90, and 90–120 cm and by year
at 10–30 and 60–90 cm (Table 3). The cropping system × N fertilization rate interaction was
significant for SOC at all soil depths. Averaged across years, SOC at 0–5 cm was greater
for NTWF than NTWP and NTCW at 0 kg N ha−1, and greater for NTWP than CTWF at
50 and 150 kg N ha−1 (Figure 3). At 5–10 cm, SOC was greater for CTWF than NTWP at
0 kg N ha−1, greater for NTWP than NTWF or NTCW at 50 and 150 kg N ha−1, and greater
for NTWF than NTWP at 100 kg N ha−1. At 10–30 cm, SOC was greater for NTWP than
other cropping systems at 100 and 150 kg N ha−1. At 30–60 cm, SOC was greater for NTWP
than other cropping systems at 0 and 100 kg N ha−1, and greater for CTWF than NTCW
and NTWP at 50 kg N ha−1.
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till spring wheat–fallow; NTCW, no-till continuous spring wheat; NTWF, no-till spring wheat–fallow;
and NTWP, no-till spring wheat–pea. Markers followed by different letters are significantly different
among cropping systems at an N fertilization rate.
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At 60–90 cm, SOC was greater for NTWP than CTWF or NTWF at 0 and 150 kg N ha−1,
and greater for NTCW, NTWP, and CTWF than NTWF at 50 kg N ha−1 (Figure 4). At
90–120 cm, SOC was greater for NTCW and NTWP than NTWF at 0 kg N ha−1, and greater
for CTWF than NTWP, NTCW, or NTWF at 50 and 150 kg N ha−1. At 0–120 cm, SOC was
greater for NTWP than CTWF and NTWF at 0 kg N ha−1, and greater for CTWF than other
cropping systems at 50 kg N ha−1.

Increasing N fertilization rate tended to increase SOC at 0–5, 5–10, and 10–30 cm, but
tended to decrease at 30–60, 90–120, and 0–120 cm for NTWP (Figures 3 and 4). Similarly,
increasing N fertilization rate tended to increase SOC at 0–5 cm, but tended to decrease
at 60–90, 90–120, and 0–120 cm for NTCW. For CTWF and NTWF, changes in SOC with
increasing N fertilization rate were minor, except for NTWF at 5–10 cm, where SOC tended
to increase with increasing N fertilization rate. Significant nonlinear relationships occurred
between SOC and N fertilization rate for NTWF at 0–5 and 30–60 cm, for NTCW at 5–10,
10–30, and 60–90 cm, and for NTWP at 60–90 cm.

Averaged across cropping systems and N fertilization rates, SOC tended to decrease
with year at 0–5, 5–10, 10–30, and 30–60 cm, but tended to increase at 60–90, 90–120, and
0–120 cm (Figure 5A). A significant linear relationship between SOC and year occurred
only at 0–5 cm, where SOC decreased by 0.04 Mg C ha−1 year−1. A significant nonlinear
relationship between SOC and crop residue C occurred at 0–5 cm where SOC was greater
at 0.7 and 1.3 Mg C ha−1 of crop residue C, but lower at 1.0 Mg C ha−1 of residue C
(Figure 6A). There was no significant relationship between SOC and crop residue C at other
soil depths.

Environments 2024, 11, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 4. Soil organic C (SOC) stock at 60–90, 90–120, and 0–120 cm depths, averaged across years, 
as affected by cropping system and N fertilization rate. Cropping systems are CTWF, conventional 
till spring wheat–fallow; NTCW, no-till continuous spring wheat; NTWF, no-till spring wheat–
fallow; and NTWP, no-till spring wheat–pea. Markers followed by different letters are significantly 
different among cropping systems at an N fertilization rate. 

Increasing N fertilization rate tended to increase SOC at 0–5, 5–10, and 10–30 cm, but 
tended to decrease at 30–60, 90–120, and 0–120 cm for NTWP (Figures 3 and 4). Similarly, 
increasing N fertilization rate tended to increase SOC at 0–5 cm, but tended to decrease at 
60–90, 90–120, and 0–120 cm for NTCW. For CTWF and NTWF, changes in SOC with 
increasing N fertilization rate were minor, except for NTWF at 5–10 cm, where SOC 
tended to increase with increasing N fertilization rate. Significant nonlinear relationships 
occurred between SOC and N fertilization rate for NTWF at 0–5 and 30–60 cm, for NTCW 
at 5–10, 10–30, and 60–90 cm, and for NTWP at 60–90 cm. 

Averaged across cropping systems and N fertilization rates, SOC tended to decrease 
with year at 0–5, 5–10, 10–30, and 30–60 cm, but tended to increase at 60–90, 90–120, and 
0–120 cm (Figure 5A). A significant linear relationship between SOC and year occurred 
only at 0–5 cm, where SOC decreased by 0.04 Mg C ha−1 year−1. A significant nonlinear 
relationship between SOC and crop residue C occurred at 0–5 cm where SOC was greater 
at 0.7 and 1.3 Mg C ha−1 of crop residue C, but lower at 1.0 Mg C ha−1 of residue C (Figure 
6A). There was no significant relationship between SOC and crop residue C at other soil 
depths. 

Figure 4. Soil organic C (SOC) stock at 60–90, 90–120, and 0–120 cm depths, averaged across years, as
affected by cropping system and N fertilization rate. Cropping systems are CTWF, conventional till
spring wheat–fallow; NTCW, no-till continuous spring wheat; NTWF, no-till spring wheat–fallow;
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among cropping systems at an N fertilization rate.
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3.4. Soil Total Nitrogen

The STN was significantly affected by N fertilization rate at 5–10 and 30–60 cm and by
year at all soil depths, except at 0–5 cm (Table 3). The cropping system × N fertilization
rate interaction was significant at all soil depths. The STN at 0–5 cm, averaged across
years, was greater for NTWF and CTWF than NTCW at 0 kg N ha−1, and greater for
NTWP than CTWF or NTCW at 50 and 100 kg N ha−1 (Figure 7). At 5–10 cm, STN was
greater for CTWF than NTWF at 0 kg N ha−1, greater for NTWP and NTCW than other
cropping systems at 50 kg N ha−1, and greater for NTWF than CTWF, NTWP, or NTCW at
100 and 150 kg N ha−1. At 10–30 cm, STN was greater for NTWP than CTWF or NTCW
at 0 and 100 kg N ha−1, and greater for CTWF than NTCW or NTWP at 50 and 150 kg
N ha−1. At 30–60 cm, STN was greater for NTWF, NTWP, and NTCW than CTWF at
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0 kg N ha−1. At 60–90 cm, STN was greater for NTWP than NTCW, CTWF, or NTWF
at 0 and 150 kg N ha−1, and greater for NTWF and CTWF than NTCW at 50 kg N ha−1

(Figure 8). At 90–120 cm, STN was greater for NTWP than NTWF, CTWF, or NTCW at all
N fertilization rates. At 0–120 cm, STN was also greater for NTWP than NTCW or CTWF at
0 and 50 kg N ha−1.

Increasing N fertilization rate tended to increase SON at 5–10, 10–30, 30–60, and
0–120 cm for CTWF, and at 5–10 and 10–30 cm for NTWF, but tended to decrease at
90–120 cm for NTWF (Figures 7 and 8). Similarly, increasing N fertilization rate tended
to increase STN at 0–5, 30–60, 60–90, and 120 cm for NTCW, and at 60–90 cm for NTWP,
but tended to decrease at 10–30, 30–60, 90–120, and 0–120 cm for NTWP. Significant linear
relationship between STN and N fertilization rate occurred for NTCW at 30–60 cm where
an increase in N fertilization rate by 1 kg N ha−1 increased STN by 0.002 Mg N ha−1.
A significant nonlinear relationship between STN and N fertilization rate occurred for
NTWP at 0–5 and 5–10 cm, for NTWF at 10–30 and 60–90 cm, and for NTCW at 90–120 cm.
Averaged across cropping systems and N fertilization rates, STN tended to decrease with
year at all depths, except at 5–10 cm which tended to increase (Figure 5B). There was
no relationship between STN and crop residue N returned to the soil at any soil depth
(Figure 5B).
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Figure 7. Soil total N (STN) stock at 0–5, 5–10, 10–30, and 30–60 cm depths, averaged across years, as
affected by cropping system and N fertilization rate. Cropping systems are CTWF, conventional till
spring wheat–fallow; NTCW, no-till continuous spring wheat; NTWF, no-till spring wheat–fallow;
and NTWP, no-till spring wheat–pea. Markers followed by different letters are significantly different
among cropping systems at an N fertilization rate.
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Figure 8. Soil total N (STN) stock at 60–90, 90–120, and 0–120 cm depths, averaged across years, as
affected by cropping system and N fertilization rate. Cropping systems are CTWF, conventional till
spring wheat–fallow; NTCW, no-till continuous spring wheat; NTWF, no-till spring wheat–fallow;
and NTWP, no-till spring wheat–pea. Markers followed by different letters are significantly different
among cropping systems at an N fertilization rate.

4. Discussion
4.1. Crop Residue Carbon and Nitrogen

Presence of crops every year resulted in greater crop residue C and N returned to
the soil for NTCW and NTWP than CTWF and NTWF (Table 2). In NTWF and CTWF, no
crops were present during the fallow period, which reduced the average amount of crop
residue C and N, although the fallow period enhances yields of grain and crop residue of
succeeding crops due to soil water conservation by fallow [36,37]. The greater crop residue
C and N for NTWP than NTCW was probably due to the benefit of pea, a legume, on
spring wheat in the rotation. These benefits are (1) greater N supplied by pea residue due
to its higher N concentration from biological N fixation than spring wheat, (2) lower water
use by pea due to its earlier maturity than spring wheat, thereby resulting in more water
available for succeeding spring wheat, and (3) reduced weed and pest pressure in the crop
rotation compared to monocropping [37–39]. The nonsignificant difference in crop residue
C and N between CTWF and NTWF suggests that tillage had no effect on residue C and N.

It is not unusual to observe greater crop residue C and N for 50, 100, and 150 than
0 kg N ha−1 (Table 2) because N fertilization enhances biomass yield and crop production
compared to no N fertilization due to increased N availability [40,41]. However, nonsignifi-
cant differences in crop residue C and N among 50, 100, and 150 kg N ha−1 suggest that
low N fertilization rate produces similar crop residue C and N as high N fertilization rates,
which could be excessive to produce sustainable amount of crop residue C and N. Growing
season (April–August) precipitation (265 mm) close to the 30-year average (262 mm) and its
evenly distribution during the crop growth may have produced higher crop residue C and
N in 2016 than other years (Tables 1 and 2). Although precipitation was higher in 2013 and
2014, most of it fell either during the early or late part of the crop growth, rendering less
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water available during active crop growth in June and July and decreasing crop residue C
and N.

4.2. Soil Organic Carbon

The greater amount of crop residue C returned to the soil (Table 2) likely increased
SOC for NTWP than other cropping systems at most N fertilization rates and soil depths
(Figures 3 and 4). Increased SOC due to greater crop residue returned to the soil has been
reported by many researchers [5,10,14,17,18]. Schmer et al. [17] reported that crop rotation
increased SOC compared to monocropping due to greater crop residue C returned to the
soil. Lower crop residue C due to the absence of crops during the fallow period likely
reduced SOC for CTWF and NTWF at most soil depths. However, there was no linear
relationship between crop residue C and SOC, rather the relationship was nonlinear at
0–5 cm (Figure 6). The reasons for lower SOC at 1 Mg C ha−1 of crop reside C were not
known. It may be possible that the priming effect of fresh crop residue that enhances
the mineralization of native SOC reduced SOC at 1 Mg ha−1 of crop residue C [13,22].
Because of the nonsignificant difference in SOC between CTWF and NTWF at most N
fertilization rates at surface soil layers (0–30 cm), tillage had no effect on SOC in dryland
cropping systems. Furthermore, the amount of crop residue C returned to the soil was
similar between CTWF and NTWF (Table 2). Shallow tillage to a depth of 10 cm probably
had limited impact on SOC in dryland soils.

The increased tendency of SOC with increasing N fertilization rate for NTWP, NTCW,
and NTWF at 0–5, 5–10, and 10–30 cm (Figure 3) was also probably due to greater crop
residue C returned to the soil as well as enhanced C input from root residue, as N fertil-
ization favors both root and shoot biomass growth compared to no N fertilization [42,43].
Nitrogen fertilization clearly increased crop residue C compared to no N fertilization
(Table 2). Increased SOC with increasing N fertilization rate at surface soil layers has been
reported by numerous researchers [11,19–21]. However, little to no response of SOC with
increasing N fertilization rate for CTWF was probably due to the nonsignificant effect of
N fertilization crop residue C, as tillage and fallow increase soil inorganic N level and N
fertilization has little effect on crop yield compared to no N fertilization in this cropping
system [14,44]. Bremer et al. [24] showed that N fertilization increased SOC compared to
no N fertilization more on continuous spring wheat than spring wheat–fallow or spring
wheat–pea rotation. The reasons for decreased tendency of SOC with increasing N fer-
tilization rate for NTWP and NTCW at 30–120 cm were not known. A possible reason
may be lower C/N ratio of the soil with increasing N fertilization rate that increases C
mineralization at the subsurface layers. This also resulted in decreased tendency of SOC
with increasing N fertilization rate for NTWP and NTCW, but not for CTWF and NTWF at
0–120 cm (Figure 4).

The results of this study suggest that NTWP with 50–100 kg N ha−1 can enhance SOC
stock at the surface soil layers (0–30 cm) compared to other treatments in dryland cropping
systems of the US northern Great Plains. Previous studies on barley also indicated that
no-till barley–pea rotation with 40–80 kg N ha−1 increased SOC stock at surface layers
(0–30 cm) both in dryland and irrigated cropping systems [44,45]. Liu et al. [46] reported
that reducing N fertilization rate by 25% increased SOC at 0–40 cm compared to full N rate
(210 kg N ha−1) under dry cropping systems in northern China.

Lack of enough crop residue production in dryland cropping systems may be one of
the reasons for decreasing tendency of SOC with year at 0–5, 5–10, 10–30, and 30–60 cm,
regardless of cropping system and N fertilization (Figure 5A). Considering that crop
residue contains 40% C [22,39,40], the maximum amount of crop residue production in this
study would be 3.1 Mg ha−1 for NTWP or 4.8 Mg ha−1 during the favorable weather in
2016 (Table 2). The average crop residue production across all treatments, however, was
2.5 Mg ha−1, which is half of the amount (5 Mg ha−1) of crop residue production required to
maintain SOC level in dryland cropping systems [22,40]. Reduced SOC with increased years
of experimentation have also been noted by numerous researchers [10,26–28]. However,
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there were increasing tendency of SOC with year at 60–90, 90–120, and 0–120 cm, suggesting
that increased C inputs from roots and reduced C mineralization due to less undisturbed
soil condition may favor SOC accumulation at the subsurface layers.

4.3. Soil Total Nitrogen

Unlike SOC, STN varied with cropping systems at various N fertilization rates and
soil depths. However, greater STN with 50 and 100 kg N ha−1 at 0–5 cm, with 50 kg N ha−1

at 5–10 cm, with 100 kg N ha−1 at 10–30 cm, with 150 kg N ha−1 at 60–90 cm, and with
all N fertilization rates at 90–120 and 0–120 cm for NTWP than other cropping systems
(Figures 7 and 8) indicate that greater crop residue N returned to the soil increased STN for
this cropping system. Crop residue N returned to the soil was greater for NTWP than other
cropping systems and greater with than without N fertilization (Table 2). Increased STN
for cropping systems with increasing crop residue N returned to the soil has been reported
by several researchers [5,10,14,17,18]. As with SOC, similar crop residue N returned to the
soil probably resulted in the nonsignificant difference in STN between CTWF and NTWF
at most N fertilization rates in surface soil layers (0–30 cm), indicating that tillage had no
effect on STN.

Application of N fertilizer every year may have resulted in the increased tendency
of STN to occur with increasing N fertilization rate for NTCW at 0–5, 5–10, 30–60, 60–90,
and 0–120 cm (Figures 7 and 8). It is likely that part of the applied N fertilizer may have
transferred to STN through microbial immobilization. Nitrogen fertilizer was applied to
every year in NTCW compared to once in two years in other cropping systems, as pea and
fallow did not receive N fertilizer. Several researchers [22,23] showed that N fertilization
increased STN more than SOC compared to no N fertilization and that this occurred more
in continuous cropping than crop fallow. Increased tendency of STN with increasing N
fertilization rate for CTWF and NTWF at several soil depths was also likely due to increased
soil N availability, part of which may have transferred into STN through immobilization.
However, the decreased tendency of STN with increasing N fertilization rate for NTWP
was likely due to increased mineralization of STN, as N fertilization may have decomposed
pea residue faster than wheat residue due to higher N concentration.

The decreased tendency of STN with year at all soil depths, except at 5–10 cm
(Figure 5B), was probably due to reduced crop residue N input returned to the soil in
dryland cropping systems, a fact that was similar to that observed for SOC. Although N
fertilizer was applied to increase crop yields, inadequate amount of precipitation received
during the growing season may have reduced crop yields and residue N input, because
precipitation is a limiting factor for crop production in dryland cropping systems [38,39,44].
The fact that STN tended to decline year by year at subsoil layers while SOC tended to
incline could be due to lower N input compared to C input from roots. This indicates that
SOC and STN can behave differently in subsoil layers with cropping systems, N fertilization
rates, and years under dryland cropping systems of the US northern Plains. However,
similar to SOC, NTWP with 50–100 kg N ha−1 can enhance STN at surface layers (0–30 cm)
compared to other cropping systems and N fertilization rates.

5. Conclusions

The results of the study indicate that NTWP with 50–100 kg N ha−1 can enhance SOC
and STN stocks to a depth of 30 cm due to the greater amount of crop residue C and N
returned to the soil compared to other cropping systems and N fertilization rates in dryland
cropping systems of the US northern Great Plains. Tillage had limited impact on SOC and
STN. Because of the inadequate amount of crop residue C and N returned to the soil as a
result of limited precipitation that reduced crop yields, both SOC and STN declined with
year, especially at the surface soil layers, regardless of cropping systems and N fertilization
rates. The SOC and STN behaved differently with cropping systems, N fertilization rates,
and years at subsoil layers. Because of the high spatial variability, further long-term studies
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may be needed to obtain consistent trends of SOC and STN in the whole soil profile as
affected by cropping system and N fertilization rates in this region.
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