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Abstract: Nitrogen (N) balance based on N inputs, outputs, and retention in the soil shows N 
flows that measure agroecosystem performance and environmental sustainability. Complexity 
of measurements of some parameters and constraints on time, labor, and cost have resulted 
in limited studies on N balance in agroecosystems. The objective of this study was to mea-
sure N balance based on N inputs and outputs and soil N retention in response to irrigation 
and cropping system from 2006 to 2011 in the northern Great Plains. Treatments were two 
irrigation practices (irrigated versus nonirrigated) as the main plot and five cropping systems 
(conventional till barley [Hordeum vulgare L.] with N fertilizer [CTBN], conventional till barley 
without N fertilizer [CTBO], no-till barley-pea [Pisum sativum L.] with N fertilizer [NTB-
P], no-till barley with N fertilizer [NTBN], and no-till barley without N fertilizer [NTBO]) 
as the split plot treatment arranged in a randomized block design with three replications. 
Compared with other cropping systems, total N input due to N fertilization, pea N fixation, 
soil N mineralization, atmospheric N deposition, crop seed N, and nonsymbiotic N fixation 
was 15% to 64% greater with NTB-P in the irrigated practice and 32% to 69% greater in the 
nonirrigated practice. Compared with CTBO and NTBO, total N output due to grain N 
removal, denitrification, volatilization, plant senescence, N leaching, gaseous N (NOx) emis-
sions, and surface runoff was 66% to 74% greater with NTB-P, CTBN, and NTBN in the 
irrigated practice and 46% to 53% greater in the nonirrigated practice. Nitrogen sequestration 
rate at the 0 to 10 cm depth varied from 6 kg N ha–1 y–1 with irrigated CTBO to 37 kg N ha–1 
y–1 with irrigated NTBN and nonirrigated NTB-P. Nitrogen balance ranged from –54 kg N 
ha–1 y–1 with nonirrigated NTBN to 30 kg N ha–1 y–1 with irrigated NTB-P, with greater N 
surplus for irrigated NTB-P and lower N deficit for nonirrigated NTB-P. The NTB-P can 
sustain agronomic performance due to similar grain N removal and enhance environmental 
sustainability due to decreased N loss to the environment while reducing external N inputs, 
regardless of irrigation practices.

Key words: crop rotation—irrigation—nitrogen fertilization—nutrient cycling—soil 
fertility—tillage

Nitrogen (N) lost to the environment 
through leaching, denitrification, volatil-
ization, surface runoff, soil erosion, and 
nitrous oxide (N2O) emissions as a result of 
excessive N fertilization to crops is a major 
problem that can result in health hazards 
to human beings and animals, lake eutro-
phication, and global warming (Smil 1999; 
Janzen et al. 2003; Eickhout et al. 2006; 
Ross et al. 2008). This results because N 
is a major nutrient, which is required by 
plants in large amounts (Janzen et al. 2003; 
Eickhout et al. 2006). As crops can remove 
about 40% to 60% of applied N (Meisinger 
and Randall 1991; Schepers and Mosier 1991; 

Wang et al. 2014), the residual N (nitrate-N 
[NO3-N] + ammonium-N [NH4-N]) accu-
mulated in the soil profile after crop harvest 
can either be converted into soil organic N 
or lost to the environment (Smil 1999; Janzen 
et al. 2003; Eickhout et al. 2006; Ross et al. 
2008). Nitrogen removal by crops can fur-
ther be reduced at higher N rates (Varvel and 
Peterson 1990). Excessive N fertilization also 
reduces crop yields and degrades soil qual-
ity by increasing acidification (Franzluebbers 
2007; Herrero et al. 2010). Therefore, 
improved management practices are needed 
to increase N-use efficiency, reduce N loss to 
the environment and N fertilization rates, and 

sustain crop yields and N uptake (Janzen et al. 
2003; Ross et al. 2008; Pieri et al. 2011; Sainju 
et al. 2012, 2014).

Nitrogen can also be added to the soil 
from irrigation water, dry and wet (snow 
and rain) depositions from the atmosphere, 
biological N fixation, soil N mineraliza-
tion, nonsymbiotic N fixation, and crop 
seeds (Janzen et al. 2003; Ross et al. 2008; 
Pieri et al. 2011). Nitrogen can be removed 
from the agroecosystem through grain and 
biomass harvest and lost to the environment 
through various processes as described above. 
The unharvested N in crop residue and 
roots can transform to soil N storage. Some 
of the applied N through manures and fer-
tilizers can also convert into soil organic N. 
An account of all N inputs and outputs and 
N retention in the soil in the agroecosystem 
can provide N balance, which documents 
dominant processes of N flow and measures 
agronomic performance and environmental 
sustainability (Watson and Atkinson 1999; 
Ross et al. 2008). 

Because of the presence of soil residual 
N, N fertilization rates to crops are usually 
adjusted by deducting soil residual N at plant-
ing and N mineralization during the crop 
growing season from recommended N rates 
so that crop production and N-use efficiency 
can be maximized and the potential for N 
losses minimized (Janzen et al. 2003; Ross et 
al. 2008; Sainju et al. 2012, 2014). As it is not 
possible to determine soil N mineralization at 
crop planting due to the long time required 
for determination, it is estimated that about 
1% of soil organic N to a depth of 30 cm in 
dryland cropping systems to 2% in irrigated 
cropping systems is mineralized every year, 
depending on soil temperature and water 
content, residue addition (fresh or old resi-
due), and soil organic matter (Schepers and 
Mosier 1991; Wang et al. 2014). As a result, 
N fertilization rates to same crops or different 
crops, as determined by economical profit-
ability rather than maximum crop yields, vary 
with soil and climatic conditions, nutrient 
supply, and competitions with weeds and pests 
(Schepers and Mosier 1991). 

Differences in N inputs, outputs, and 
retention in the soil due to variations in soil 
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and climatic conditions, crop species, and 
management practices can affect N balance 
(Meisinger and Randall 1991; Ross et al. 
2008; Pieri et al. 2011). Nitrogen fertilization 
rates and losses can be lower in fine- than 
coarse-textured soils due to increased soil N 
retention, although gaseous emissions and 
N leaching could be greater in fine- and 
coarse-textured soils, respectively (Meisinger 
and Randall 1991; Schepers and Mosier 
1991; Wang et al. 2014). Some researchers 
(Ross et al. 2008; Sainju et al. 2016) have 
reported that legume-based cropping sys-
tems have N surplus due to reduced external 
N inputs as a result of legume N fixation and 
lower N loss to the environment compared 
with nonlegume monocropping. Others 
(Sainju et al. 2018) have found that tillage 
and cultural practices had no effect on dry-
land agroecosystem N balance. 

Some studies on N balance in agroecosys-
tems with various cropping systems have been 
reported in long-term experiments (Davis et 
al. 2003; Ross et al. 2008; Pieri et al. 2011). 
Limited information, however, exists on the 
effect of various management practices, such 
as irrigation, tillage, crop rotation, cropping 
system, and N fertilization, on N balance 
in the northern Great Plains, United States. 
Difficulty and complexity of measuring some 
N inputs and outputs, the need for long-
term experiments to reach equilibrium, and 
increased time, labor, and cost constraints have 
resulted on limited studies on N balance. As a 
result, some parameters have to be estimated 
from the literature, which add uncertainty to 
the calculation of N balance values. 

This study examined the effect of irri-
gation practice and cropping system on N 
flows in the soil-plant-water-air continuum 
and N balance in the agroecosystem from 
2006 to 2011 in western North Dakota, 
United States. The objectives of this study 
were to (1) evaluate the effect of irrigation, 
tillage, crop rotation, and N fertilization on 
N flows in crops, soil, and the environment; 
(2) quantify N balance based on N inputs, 
outputs, and changes in soil N retention; 
and (3) determine improved management 
practices that optimize N balance, reduce N 
fertilization rate, enhance crop N uptake, and 
sustain environmental quality. My hypoth-
esis was that no-till barley (Hordeum vulgare 
L.)-pea (Pisum sativum L.) rotation with 
reduced N rate would enhance agronomic 
performance and environmental sustainabil-
ity by providing favorable N balance due 

to enhanced crop N uptake, reduce exter-
nal N input and N loss to the environment, 
and increase soil N retention compared to 
conventional till continuous barley with or 
without irrigation. 

Materials and Methods
Field Experiment. The study was conducted 
from 2006 to 2011 in Nesson Valley (48.1° 
N, 103.1° W), western North Dakota, where 
average air temperature (59-year average) 
ranged from –5°C in January to 32°C in July 
through August and annual precipitation was 
373 mm. At the site, the soil, a Lihen sandy 
loam (sandy, mixed, frigid, Entic Haplustoll), 
had 720 g kg–1 sand, 120 g kg–1 silt, 160 g 
kg–1 clay, and 7.7 pH at the 0 to 10 cm depth 
before the initiation of the experiment in 
April of 2006. At the same time and depth, 
soil organic carbon (C) was 14.2 Mg C ha–1 
and total N 1.38 Mg N ha–1. Previous veg-
etation at the site for the last 24 years was a 
mixture of alfalfa (Medicago sativa L.), crested 
wheatgrass (Agropyron cristatum [L.] Gaertn), 
and western wheatgrass (Pascopyrum smithii 
[Rydb.] A. Love), which were killed by 
applying glyphosate (N-[phosphonomethyl] 
glycine]) at 3.5 kg active ingredient ha–1.

The experimental design was a ran-
domized complete block in a split plot 
arrangement with three replications. Main-
plot treatment included two irrigation 
practices (irrigated versus nonirrigated) and 
the split-plot treatment was six cropping sys-
tems (conventional-till malt barley with 67 
to 134 kg N ha–1 [CTBN], conventional-till 
malt barley with 0 kg N ha–1 [CTBO], no-till 
malt barley-pea with 67 to 134 kg N ha–1 
[NTB-P], no-till malt barley with 67 to 134 
kg N ha–1 [NTBN], and no-till malt barley 
with 0 kg N ha–1 [NTBO]). All cropping 
systems had malt barley as one crop phase, 
except in NTB-P, which had two phases 
(malt barley and pea) of the crop rotation 
present in every year. The conventional 
cropping system was CTBN in both irri-
gated and nonirrigated practices. Malt barley 
received recommended N fertilization rates 
of 134 and 67 kg N ha–1 in the irrigated and 
nonirrigated practices, respectively. Nitrogen 
rates for irrigated and nonirrigated malt bar-
ley varied because of the differences in grain 
yields and N uptake by barley in irrigated 
and nonirrigated conditions. Nitrogen rates 
were adjusted to residual soil NO3-N con-
tent to a depth of 60 cm in samples collected 
after crop harvest in the autumn of the pre-

vious year to reduce over fertilization. No N 
fertilizer was applied to pea. 

Tillage in CTBN and CTBO plots was 
conducted using a rototiller and a sin-
gle-pass field cultivator to a depth of 10 
cm. The NTBN and NTBO plots were left 
undisturbed, except during planting and fer-
tilization in rows. Malt barley and pea were 
planted using a no-till drill that also banded 
N fertilizer to a depth of 5 cm, 2.5 cm away 
from the seed row. The size of the main plot 
was 21.0 × 10.6 m and the split plot was 3.0 
× 10.6 m. 

Malt barley (cv. Tradition, Busch 
Agricultural Resources, Fargo, North 
Dakota) was planted at the 3.8 cm depth at 
90 kg ha–1 in the irrigated treatment and at 
67 kg ha–1 in the nonirrigated treatment in 
late April, 2006 to 2011. At the same time, 
pea (cv. Majoret, Macintosh Seed, Havre, 
Montana) was planted at 200 kg ha–1 in irri-
gated and nonirrigated treatments. Half of 
the N fertilizer as urea (or 67 kg N ha–1) was 
banded at planting and the other half was 
broadcast at four weeks after planting in irri-
gated malt barley. In nonirrigated malt barley, 
all N fertilizer was banded at planting. For 
both irrigated and nonirrigated malt barley 
and pea, phosphorus (P) fertilizer (as triple 
super phosphate [45% P] at 25 kg P ha–1) and 
potassium (K) fertilizer (as muriate of potash 
[52% K] at 21 kg K ha–1) were banded at 
planting. To control weeds and pests, appro-
priate types and amounts of herbicides and 
pesticides were applied during growth and 
after crop harvest. In irrigated treatments, 
water was applied from 10 to 34 mm per 
application for a total of 47 to 236 mm from 
2006 to 2011 using a self-propelled irrigation 
system based on soil water content and crop 
demand. Malt barley and pea grain yields 
were determined by harvesting grains from 
an area of 10.6 × 1.5 m using a plot com-
bine and adjusting the yield on oven-dried 
basis at 60°C for three days in late July and 
early August, 2006 to 2011. Two days before 
grain harvest, biomass yield was determined 
by harvesting biomass (leaves + stems) after 
separating grains from two 0.5 m2 areas per 
plot outside yield rows, oven drying at 60°C 
for three days, and weighing. After grain har-
vest, crop residue as biomass of malt barley 
and pea was returned to the soil. 

Soil samples were collected at the 0 to 10 
cm depth before the initiation of the experi-
ment in April of 2006 and after the end of the 
experiment in September of 2011. Samples 
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were collected using a hand probe (2.5 cm 
inside diameter) from five random locations 
within the plot, composited, air dried, and 
ground to 2 mm. A subsample (10 g) was oven 
dried at 110°C for 24 hours to determine 
dry weight, from which the bulk density was 
calculated by dividing the weight of the oven-
dried soil by the volume of the core. 

Laboratory Analysis. Nitrogen concentra-
tion (g N kg–1) in crop grain and biomass was 
determined using a high combustion C and N 
analyzer (LECO Corp., St Joseph, Michigan). 
Nitrogen removal in grain and crop residue 
N (kg N ha–1) returned to the soil were calcu-
lated by multiplying grain and biomass yields 
by their N concentration. Total aboveground 
biomass N was calculated as the sum of grain 
N removal and crop residue N. 

Soil total N concentration (g N kg–1) was 
determined by using the C and N analyzer as 
above after grinding the soil samples to <0.5 
mm. Soil total N content (Mg N ha–1) was 
calculated by multiplying total N concentra-
tion by the bulk density and the thickness 
of the soil layer. Soil bulk density at 0 to 10 
cm was not different among treatments at the 
beginning and end of the experiment and 
averaged 1.13 (± 0.02) and 1.16 (± 0.04) Mg 
m–3 in 2006 and 2011, respectively. 

Nitrogen Balance. Total N input (Nti) was 
calculated as

Nti = Na + Nb + Nc + Nd + Ne + Nf , (1)

where Na = N fertilization rate, Nb =biolog-
ical N fixation, Nc = soil N mineralization, 
Nd = atmospheric N deposition, Ne = N 
added by crop seeds, and Nf = nonsymbiotic 
N fixation. Biological N fixed by pea (Nb) 
was calculated as

Nb = 0.7 × (aboveground pea biomass N + 
0.33 × total pea aboveground biomass N),  (2)

where 0.7 is the conversion factor for N 
fixed by pea, assuming that 70% of N is fixed 
by legumes and 30% is taken up from the 
soil (Meisinger and Randall 1991; Ross et 
al. 2008; Pieri et al. 2011). Assuming that 
belowground biomass N constitutes about 
one-third of the total aboveground biomass 
N, the value 0.33 × total pea aboveground 
biomass N refers to the estimated below-
ground biomass N when N is not measured 
(Meisinger and Randall 1991). As I did not 
measure belowground biomass N, I calcu-
lated this value using equation 2. I estimated 

N mineralization (Nc) from crop residue and 
soil as 2% of soil total N content for all crop-
ping systems in the irrigated practice and 1% 
in the nonirrigated practice (Schepers and 
Mosier 1991). Nitrogen from atmospheric 
deposition (Nd) included both wet (rain 
and snow) and dry (absorption of ammonia 
[NH3] and other compounds by the field 
from the atmosphere) depositions, and each 
was estimated as 7 kg N ha–1 y–1 (Meisinger 
and Randall 1991; Ross et al. 2008). Nitrogen 
added from crop seeds (Ne) was calculated by 
multiplying the seed rate by N concentra-
tion. In NTB-P, N added from malt barley 
and pea seeds was determined by averag-
ing N added from each crop seed. Nitrogen 
added from nonsymbiotic N fixation (Nf) by 
blue-green algae and free-living soil bacteria 
was estimated as 5 kg N ha–1 y–1 (Stevenson 
1982; Ross et al. 2008). 

Total N output (Nto) was calculated as

Nto = Ng + Nh + Ni + Nj + Nk+ Nl + Nm, (3)

where Ng = crop grain N removal, Nh = 
N loss through NH3 volatilization, Ni = 
denitrification N loss, Nj = N loss during 
plant senescence, Nk = N leaching loss, Nl 
= N loss through gas (NO, N2O, and nitro-
gen dioxide [NO2]) emissions, and Nm = 
N loss through surface runoff. Nitrogen 
loss through NH3 volatilization (Nh) was 
estimated as 15% of applied N (Meisinger 
and Randall 1991; Migliorati et al. 2014). 
Denitrification N loss (Ni) was estimated 
as 13% of total N input from N fertil-
izer and atmospheric N deposition after 
deducting N loss through NH3 volatiliza-
tion (Meisinger and Randall 1991; Sainju 
2017). Denitrification loss of biologically 
fixed N was considered negligible in the 
calculation of this parameter (Meisinger 
and Randall 1991). Nitrogen loss through 
plant senescence (Nj) was estimated as 5% 
of total aboveground biomass N (Meisinger 
and Randall 1991; Sainju 2017). Nitrogen 
leaching loss (Nk) for the semiarid region 
was estimated as 9 kg N ha–1 y–1 for malt 
barley and 12 kg N ha–1 y–1 for pea (Delgado 
et al. 2008; Ross et al. 2008). Gaseous N loss 
(NO, N2O, and NO2 emissions; Nl) was 
estimated as 1.5% of the applied N fertil-
izer (IPCC 2014). Nitrogen loss through 
surface runoff (Nm) was estimated as 1% of 
the applied N fertilizer (Legg and Meisinger 
1982; Ross et al. 2008). The estimated val-
ues were obtained from literatures based 

on similar soil and climatic conditions and 
cropping systems as our experimental site 
(e.g., medium textured soil [loam and silt 
loam], precipitation <500 mm, and manage-
ment practices [till versus no-till practices 
and crop rotation versus monocropping]). 

Nitrogen balance was calculated as

Nitrogen balance = Total N input – Total N 
output – N sequestration rate. (4)

Change in N level was calculated by 
deducting total N output from total N input. 
A positive value of N balance indicated N 
surplus and negative value as N deficit in the 
agroecosystem. This value was used to eval-
uate the agroecosystem performance and 
environmental sustainability due to N inputs, 
outputs, and retention in the soil. Because 
some parameters were estimated in the cal-
culation of N balance, the uncertainty in N 
balance was shown as the standard deviation 
of the mean values.

Data Analysis. Data for annualized crop 
residue N and grain N removal, soil bulk 
density and total N content, N fertilization 
rate, total N input and output, change in N 
level, and N balance were analyzed using 
the MIXED procedure of SAS (Littell et 
al. 2006). Irrigation practice was considered 
as the main-plot factor and cropping sys-
tem as the split-plot factor for data analysis. 
Fixed effects were irrigation practice, crop-
ping system, and their interactions; random 
effects were replication and irrigation × 
replication; and repeated measure variable 
was year. Means were separated by using the 
least square means test when treatments and 
interactions were significant (Littell et al. 
2006). For data analysis, values for crop and 
soil parameters in NTB-P were determined 
by averaging the values for malt barley and 
pea phases of the rotation. Linear regression 
was conducted between soil total N and year 
to determine N sequestration rate from the 
slope of the line. Because the coefficient of 
determination (R2) for the regression equa-
tion was not significant for all treatments, N 
sequestration rate was calculated by deduct-
ing soil total N in 2011 from that in 2006 
and divided by the number of years (six). 
Statistical significance was evaluated at p ≤ 
0.05, unless otherwise stated. 

Results and Discussion
Crop Residue Nitrogen. Differences in bio-
mass production and N uptake resulted in 
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variations in crop residue N returned to 
the soil among cropping systems and years, 
with significant interactions for irrigation 
practice × cropping system and cropping 
system × year (table 1). Averaged across irri-
gation practices, residue N was greater with 
CTBN, NTB-P, and NTBN than CTBO 
and NTBO in all years, except in 2010 when 
residue N was greater with CTBN, NTB-P, 
and NTBN than NTBO (table 2). Similarly, 
residue N was greater with CTBN, NTB-
P, and NTB-N than CTBO and NTBO in 
both irrigated and nonirrigated practices 
when averaged across years. Residue N was 
greater in the irrigated than the nonirri-
gated practice with NTB-P and NTBN, but 
the trend reversed with CTBO. Residue N, 
averaged across treatments, was lower in 2011 
than other years.

Increased N availability with N fertiliza-
tion and biological N fixed by pea increased 
crop residue N with CTBN, NTB-P, and 
NTBN in most years. This was also true in 
both irrigated and nonirrigated practices. 
Increased crop N uptake with N fertilization 
than without, regardless of irrigation prac-
tices, has been reported by several researchers 
(Halvorson and Reule 2007; Abeledo et al. 
2008). Similarly, increased crop residue N 
with barley-pea rotation compared with 
continuous barley at 0 kg N ha–1 due to N 
fixation by pea has been reported elsewhere 
(Sainju 2013). Nondifference in residue N 
between CTBN and NTBN or between 
CTBO and NTBO suggests that tillage had 
no effect on crop residue N returned to 
the soil. Similar results have been reported 
by some researchers in dryland cropping 
systems (Halvorson et al. 2002; Sainju et al. 
2012). Increased water availability from irri-
gation compared to nonirrigation increased 
residue N only with NTB-P and NTBN, 
suggesting that irrigation favors crop N 
uptake in the presence of enough N supply 
under no-till condition. Increased N leach-
ing in coarse-textured soil may have reduced 
soil N availability and therefore crop residue 
N uptake in 2011 when the growing season 
(April to August) and total annual precipita-
tion was greater than other years (figure 1). 
Differences in crop residue N input among 
treatments is expected to influence soil total 
N, as discussed below. 

Nitrogen Inputs. The amount of N fer-
tilizer applied to malt barley varied with 
irrigation practices, cropping systems, and 
years, with significant interactions for irriga-

tion practice × cropping system and cropping 
system × year (table 1). The amount of N 
fertilizer, averaged across irrigation practices, 
was greater with CTBN and NTBN than 
other cropping systems and greater with 
NTB-P than CTBO and NTBO in all years 
(table 3). Because of N supplied by pea res-
idue as a result of N fixation, the amount 
of N fertilizer was lower with NTB-P than 
CTBN and NTBN. Presence of increasing 
level of soil residual N reduced the amount 
of N fertilizer applied from 2006 to 2011 
with CTBN, NTBN, and NTB-P. 

Averaged across cropping systems, the 
amount of N fertilizer was greater with 
the irrigated than the nonirrigated practice 

because irrigated malt barley used more N 
and increased yield compared with nonirri-
gated malt barley (table 4). The amount of N 
fertilizer applied to malt barley with NTB-P 
was less than half of that applied with CTBN 
and NTBN, regardless of irrigation practices, 
due to N contribution from pea residue. 

Biological N fixed by pea with NTB-P 
was greater with the irrigated than the non-
irrigated practice in 2006, 2008, 2009, and 
2010 (table 5). Enhanced pea yield due to 
increased water availability increased biolog-
ical N fixation with the irrigated practice 
in these years. Biological N fixed by pea 
averaged 78 kg N ha–1 y–1 in the irrigated 

Table 1
Analysis of variance for crop nitrogen (N) removal, soil total N, N inputs and outputs, change in 
N level, and N balance with sources of variance from irrigation practice (IR), cropping system 
(CS), year (Y), and their interactions.     

   Amount      
  Crop of N      
 Grain N residue fertilizer Soil Irrigation Total N Total N Change N
Source removal N applied total N N input input output in N level balance

IR NS NS * NS * ** * ** **
CS *** *** *** NS NS ** *** NS ***
IR × CS *** ** *** * NS ** *** * **
Y *** *** ** *** *** *** *** *** ***
IR × Y * NS NS NS *** ** ** NS NS
CS × Y *** * * NS NS * ** ** **
IR × CS NS NS NS NS NS NS NS NS NS 
   × Y         
*Significance at p = 0.05.
**Significance at p = 0.01.
***Significance at p = 0.001; NS = not significant.

Table 2
Crop residue nitrogen (N; kg N ha–1) returned to the soil from 2006 to 2011 as affected by crop-
ping system and interaction between irrigation practice and cropping system.

 Year      Irrigation practice

Cropping         
system 2006 2007 2008 2009 2010 2011 Mean Irrigated Nonirrigated

CTBN 44a* 56a 56a 68a 31a 28a 47a 49a 46a
CTBO 34b 32b 28b 25b 21ab 10b 25b 21bB 29bA†
NTB-P 46a 54a 61a 69a 40a 34a 51a 55aA 46aB
NTBN 45a 58a 57a 63a 28a 26a 46a 49aA 43aB
NTBO 26b 23b 27b 24b 11b 11b 20b 18b 22b
Notes: CTBN = conventional till malt barley with 67 to 134 kg N ha–1. CTBO = conventional till 
malt barley with 0 kg N ha–1. NTB-P = no-till malt barley-pea with 67 to 134 kg N ha–1. NTBN = 
no-till malt barley with 67 to 134 kg N ha–1. NTBO = no-till malt barley with 0 kg N ha–1.
*Numbers followed by different lowercase letters within a column are significantly different at p 
= 0.05 by the least significant difference test.
†Numbers followed by different uppercase letters within a row are significantly different at p = 
0.05 by the least significant difference test.
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practice and 57 kg N ha–1 y–1 in the nonirri-
gated practice (tables 4 and 5). 

Nitrogen added from irrigation water 
varied with irrigation practices and years, 
with a significant irrigation practice × 
year interaction (table 1). Irrigation N 
input varied from 9 kg N ha–1 in 2008 
to 47 kg N ha–1 in 2006, with an aver-
age of 21 kg N ha–1 y–1 in the irrigated 
cropping system (tables 4 and 5). Nitrogen 
input varied among years due to difference 
in the amount of water applied through 
irrigation, which depended on soil water 
content and crop demand. When the 
growing season precipitation was lower, N 
input from irrigation water increased due 
to increased amount of water applied to 
sustain crop yields. 

Estimated soil N mineralization depended 
on soil total N and irrigation practices and 
varied from 15 kg N ha–1 y–1 with NTBN 
in the nonirrigated practice to 32 kg N ha–1 

y–1 with CTBN in the irrigated practice 
(table 4). Values for soil N mineralization 
were greater for the irrigated than nonir-
rigated condition because increased water 
availability can increase microbial activity 
and N mineralization in the irrigated condi-
tion (Schepers and Mosier 1991). Estimated 
N inputs from atmospheric deposition and 
nonsymbiotic N fixation were similar for all 
treatments. Nitrogen added by crop seed was 
greater for NTB-P than other cropping sys-
tems, regardless of irrigation practices, due to 
higher N concentration and seed rate of pea 
than malt barley. 

Total N input varied with irrigation 
practices, cropping systems, and years, with 
significant interactions for irrigation practice 
× cropping system, irrigation practice × year, 
and cropping system × year (table 1). Total 
N input, averaged across years, was greater 
with NTB-P than other cropping systems 
in both irrigated and nonirrigated practices 
(table 4). Nitrogen added from N fertilizer, 
together with pea N fixation, and increased 
N from crop seeds increased total N input 
with NTB-P. Total N input, averaged across 
cropping systems, was greater with the irri-
gated than the nonirrigated practice because 
N rate to malt barley, irrigation N input, and 
soil N mineralization were greater for the 
irrigated than the nonirrigated condition. 

Nitrogen Outputs. Crop grain N removal 
varied among cropping systems and years, 
with significant interactions for irrigation 
practice × cropping system, irrigation prac-
tice × year, and cropping system × year (table 
1). Grain N removal, averaged across crop-
ping systems, was greater with the irrigated 
than the nonirrigated practice in 2006 and 
2008 (table 6) when the growing season pre-
cipitation was lower than other years (figure 
1). Additional N input through increased 
amount of water applied from irrigation 
appeared to increase grain N removal during 
these years. Grain N removal, however, was 
not affected by irrigation practice during 
years with near or above-average precip-
itation, suggesting that malt barley and pea 
grains were not able to remove N during 
years with adequate precipitation, even 
though N rate was higher for irrigated than 
nonirrigated crops. 

Grain N removal, averaged across irri-
gation practices, was greater with CTBN 
and NTBN than other cropping systems in 
2006 and greater with CTBN, NTB-P, and 
NTB-N than CTBO and NTBO from 2007 
to 2010 (table 6). Nitrogen applied from N 
fertilizer and/or N fixed by pea increased 
grain N removal with CTBN, NTBN, and 
NTB-P. Lower yield of pea reduced grain N 
removal with NTB-P compared with CTBN 
and NTBN in 2006. Grain N removal, 
averaged across years, was also greater with 
CTBN, NTB-P, and CTBN than CTBO 
and NTBO in irrigated and nonirrigated 
practices (table 4) due to N applied from fer-
tilizer and/or N fixed by pea. Nondifference 
in grain N removal between CTBN and 
NTBN or between CTBO and NTBO 
suggest that tillage had no effect on grain 

Figure 1
Growing season (April to August) and total annual precipitation from 2006 to 2011 at the exper-
imental site.
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Table 3
Amount of nitrogen (N; kg N ha–1) fertilizer applied to barley from 2006 to 2011 as affected 
by cropping system.

Cropping       
system 2006 2007 2008 2009 2010 2011 Mean

CTBN 90a* 75a 60a 58a 60a 60a 67a
CTBO 0c 0c 0c 0c 0c 0c 0c
NTB-P 45b 38b 25b 33b 23b 23b 29b
NTBN 90a 75a 60a 58a 60a 60a 67a
NTBO 0c 0c 0c 0c 0c 0c 0c
Notes: CTBN = conventional till malt barley with 67 to 134 kg N ha–1. CTBO = conventional till 
malt barley with 0 kg N ha–1. NTB-P = no-till malt barley-pea with 67 to 134 kg N ha–1. NTBN = 
no-till malt barley with 67 to 134 kg N ha–1. NTBO = no-till malt barley with 0 kg N ha–1.
*Numbers followed by different letters within a column in a set are significantly different at p = 
0.05 by the least significant difference test.
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N removal. Such results were also reported 
by various researchers in the northern Great 
Plains (Halvorson et al. 2002; Lenssen et al. 
2007; Sainju et al. 2012). 

Estimated N losses through NH3 volatil-
ization and denitrification were greater with 
CTBN and NTBN than other cropping 
systems in both irrigated and nonirrigated 
practices (table 4) because of N fertilization 
to malt barley in these systems. Lower N 
rate as a result of N fixation by pea reduced 
N losses through NH3 volatilization and 
denitrification with NTB-P. Similarly, lower 
N rate to malt barley reduced N losses 
through NH3 volatilization and denitrifica-
tion in the nonirrigated than the irrigated 
practice. Nitrogen losses through NH3 vol-
atilization and denitrification increase with 
increased N fertilization rate (Meisinger and 
Randall 1991; Ross et al. 2008; Pieri et al. 
2011). Absence of N fertilization resulted in 
no N loss through NH3 volatilization with 
CTBO and NTBO; however, denitrification 

of N inputs through atmospheric deposition, 
soil N mineralization, and irrigation water 
resulted in some N loss through this process 
with CTBO and NTBO. 

Nitrogen loss through plant senescence 
depended on total aboveground biomass N 
(Meisinger and Randall 1991; Ross et al. 
2008). Because of greater crop residue N and 
grain N removal, estimated N loss through 
plant senescence was greater with CTBN, 
NTBN, and NTB-P than other cropping sys-
tems (table 4). Estimated N leaching loss was 
greater with CTBN, NTBN, and NTB-P 
than other cropping systems due to N fer-
tilization and/or N fixed by pea. Nitrogen 
leaching increases as N inputs from fertilizer 
and legume N fixation increase (Ross et al. 
2008; Pieri et al. 2011; IPCC 2014; Migliorati 
et al. 2014). Similarly, estimated N leaching 
loss was greater for the irrigated than the 
nonirrigated practice due to increased N 
rate to malt barley in the irrigated condition. 
Estimated N losses through gaseous N (NO, 

N2O, and NO2) emissions and surface runoff 
were minor for all treatments. 

Total N output also varied with irrigation 
practices, cropping systems, and years, with 
significant interactions for irrigation practice 
× cropping system, irrigation practice × year, 
and cropping system × year, similar to total N 
input (table 1). Total N output, averaged across 
years, was greater with CTBN, NTBN, and 
NTB-P than other cropping systems in both 
irrigated and nonirrigated practices (table 
4). Greater grain N removal and N losses 
through NH3 volatilization, denitrification, 
plant senescence, and leaching increased total 
N output in these cropping systems. Similarly, 
increased N losses through NH3 volatilization, 
denitrification, plant senescence, and leaching 
increased total N output in the irrigated than 
the nonirrigated practice. 

Soil Total Nitrogen. Soil total N at the 
0 to 10 cm depth varied with years, with 
a significant irrigation practice × crop-
ping system interaction (table 1). Soil total 

Table 4
Nitrogen (N) balance (kg N ha–1 y–1) based on N inputs, outputs, and soil N retention as affected by irrigation practice and cropping system.

 Irrigated practice     Nonirrigated practice 

 Parameter CTBN CTBO NTB-P NTBN NTBO CTBN CTBO NTB-P NTBN NTBO

N inputs                  
  N fertilization rate 89a* 0d 40b 89a 0d 45b 0 18c 45b 0d
  Pea N fixation 0c 0c 78a 0c 0c 0c 0c 57b 0c 0c
  Irrigation N 21a 21a 21a 21a 21a 0b 0b 0b 0b 0b
  Soil N mineralization 32 28 31 31 30 16 16 16 15 16
  Atmospheric N deposition 14 14 14 14 14 14 14 14 14 14
  N added by crop seed 2b 2b 7a 2b 2b 2b 2b 7a 2b 2b
  Nonsymbiotic N fixation 5 5 5 5 5 5 5 5 5 5
  Total N input 163b 70d 196a 162b 72d 82d 37e 117c 81d 37e
N outputs          
  Grain N removal 87ab 42c 91a 84ab 34c 72b 46c 70b 75b 43c
  Ammonia volatilization 13 0 6 13 0 7 0 3 7 0
  Denitrification 14 5 9 14 5 7 2 4 7 2
  Plant senescence  7 3 7 7 3 6 4 6 6 3
  N leaching  12 1 14 14 1 7 1 8 8 1
  Gaseous N (NOx) emissions 1 0 1 1 0 1 0 0 1 0
  Surface runoff 1 0 0 1 0 0 0 0 0 0
  Total N output 136a 51c 128a 135a 43c 100b 53c 91b 104b 49c
Change in N level† 27b 19b 68a 27b 29b –18c –16c 26b –23c –12c
N sequestration rate‡  13 6 34 37 19 10 34 37 31 29
N balance§  14(±6)b 13(±5)b 34(±8)a –10(±3)c 10(±4)b –28(±6)d –50(±8)e –11(±3)c –54(±10)e –41(±8)e
Notes: CTBN = conventional till malt barley with 67 to 134 kg N ha–1. CTBO = conventional till malt barley with 0 kg N ha–1. NTB-P = no-till malt bar-
ley-pea with 67 to 134 kg N ha–1. NTBN = no-till malt barley with 67 to 134 kg N ha–1. NTBO = no-till malt barley with 0 kg N ha–1.
*Numbers followed by different letters in a row are significantly different at p ≤ 0.05 by the least square means test.
†Change in N level = total N input – total N output.
‡Calculated as rate of change in soil total N content from 2007 to 2011.   
§N balance = change in N level – N sequestration rate (0 to 10 cm). Values are mean (± standard deviation). 
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N, averaged across years, was greater with 
CTBN than CTBO and NTBO and greater 
with NTB-P and NTBN than CTBO in the 
irrigated practice (table 7). In the irrigated 
practice, soil total N was greater with CTBO 
than NTBN. Soil total N was greater in the 
irrigated than nonirrigated practice with 
CTBO and NTBO. 

Increased crop residue N returned to the 
soil due to N fertilization (table 2), followed by 
incorporation of crop residue likely increased 
soil total N with CTBN in the irrigated prac-
tice. While increased N input can increase 
soil total N (Gregorich et al. 1996; Omay et 
al. 1997), rapid turnover of crop residue N to 
soil organic N due to tillage and irrigation can 
increase soil total N under irrigated and tilled 
crops (Clapp et al. 2000). When N fertilizer 
was not applied, reduced crop residue N input 
and tillage, however, reduced soil total N with 
CTBO in the irrigated practice. In contrast, in 
the absence of irrigation, soil total N increased 
in nonirrigated CTBO, possibly because limited 
water availability reduced soil microbial activity 
and mineralization of soil organic N. This also 
holds true for greater soil total N in the nonir-
rigated than the irrigated practice with CTBO 
and NTBO. Absence of N fertilization may 
have increased C/N ratio of the soil, resulting 
in reduced soil N mineralization and therefore 
increased soil total N with CTBO and NTBO 
in the nonirrigated condition. 

Nitrogen sequestration rate was greater 
with NTB-P and NTBN than CTBN, 
CTBO, and NTBO in the irrigated practice, 
but lower with CTBN than other cropping 
systems in the nonirrigated practice (table 4). 
Increased crop residue N input, followed by 
reduced soil disturbance as a result of no-till 
likely increased N sequestration rates with 
NTB-P and NTB-N. Similar results have 
been reported by some researchers (Jastrow 
et al. 1996; Omay et al. 1997; Sainju 2013). 

Nitrogen sequestration rate, however, was not 
different between irrigated and nonirrigated 
practices because crop residue N returned to 
the soil was not affected by irrigation prac-
tice (table 2). 

Nitrogen Balance. Change in N level, 
as the difference between total N input 
and output, varied with irrigation practice 
and years, with significant interactions for 
irrigation practice × cropping system and 
cropping system × year (table 1). Change 
in N level, averaged across years, was greater 
with NTB-P than other cropping systems 
in both irrigated and nonirrigated practices 
(table 4). Increased total N input com-
pared to total N output increased change 
in N level with NTB-P, regardless of irri-
gation practices. Similarly, increased total N 
input compared to total N output increased 
change in N level with the irrigated than the 
nonirrigated practice when averaged across 
cropping systems and years. 

Nitrogen balance varied with irrigation 
practices, cropping systems, and years, with 
significant interactions for irrigation prac-
tice × cropping system and cropping system 
× year (table 1). Nitrogen balance, averaged 
across years, was greater with NTB-P than 
other cropping systems in both irrigated and 
nonirrigated practices (table 4). Nitrogen 
deficit occurred with NTBN in the irrigated 
practice and with all cropping systems in the 
nonirrigated practice. Nitrogen deficit or 
unaccounted N varied from 11 kg N ha–1 

y–1 with NTB-P to 54 kg N ha–1 y–1 with 
NTBN in the nonirrigated practice. The 
uncertainty in N balance values ranged from 
19% with nonirrigated NTBN to 43% in 
irrigated CTBN. 

Increased N surplus with irrigated NTB-P 
suggests that total N input increased with 
greater N inputs from N fertilization, bio-
logical N fixation, irrigation water, and crop 
seed compared to total N output through 
grain N removal and N loss to the environ-
ment. In contrast, N deficit for all cropping 
systems in the nonirrigated practice indicates 
that more N was removed in the grain, lost 
to the environment, or retained in the soil 
compared to total N input. This was espe-
cially true for nonirrigated CTBO, NTBN, 
and NTBO. Uncertainty in N balance val-
ues in my study was lower than 30% to 53% 
reported by Ross et al. (2008) in western 
Canada, but was similar to or greater than 
20% to 31% reported by Sainju et al. (2016) 
in eastern Montana. Using estimated values 
of some parameters in the calculation of N 

Table 5
Pea nitrogen (N) fixation in no-till barley-pea rotation with N fertilization (NTB-P; kg N ha–1) as 
affected by irrigation practice and amount of N applied in irrigation water.

Irrigation 2006 2007 2008 2009 2010 2011 Mean

Pea N fixation       
  Irrigated 70a* 76 86a 101a 78a 58 78a
  Nonirrigated 44b 63 63b 77b 38b 57 57b
N applied in       
irrigation water      
  Irrigated 47a 11a 9a 26a 18a 14a 21a
  Nonirrigated 0b 0b 0b 0b 0b 0b 0b
*Numbers followed by different letters within a column in a set are significantly different at p = 
0.05 by the least significant difference test.

Table 6
Crop grain nitrogen (N) removal (kg N ha–1) from 2006 to 2011 as affected by irrigation practice 
and cropping system.

Irrigation Cropping Grain N removal   
practice system 2006 2007 2008 2009 2010 2011 Mean

Irrigated  91a* 78 74a 58 61 39 68
Nonirrigated  71b 88 62b 58 55 34 61
 CTBN 97a 101a 82a 77a 75a 47a 80a
 CTBO 71b 52b 46b 27b 40b 16b 44b
 NTB-P 71b 101a 83a 87a 87a 59a 81a
 NTBN 102a 102a 90a 71a 70a 42a 80a
 NTBO 64b 50b 40b 27b 33b 18b 39b
Notes: CTBN = conventional till malt barley with 67 to 134 kg N ha–1. CTBO = conventional till 
malt barley with 0 kg N ha–1. NTB-P = no-till malt barley-pea with 67 to 134 kg N ha–1. NTBN = 
no-till malt barley with 67 to 134 kg N ha–1. NTBO = no-till malt barley with 0 kg N ha–1.
*Numbers followed by different letters within a column in a set are significantly different at p = 
0.05 by the least significant difference test.
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balance have led to increased uncertainty. 
The uncertainty in estimated N inputs and 
outputs can range from 5% in atmospheric 
N deposition to as much as 50% in N losses 
through NH3 volatilization, denitrification, 
and N leaching (Meisinger and Randall 
1991; Sainju 2017).

Greater N balance with CTBN than 
NTBN, but similar values between CTBO 
and NTBO in both irrigated and nonirri-
gated practices (table 4), suggests that tillage 
may increase N surplus compared to no-till 
by efficiently flowing N through the agro-
ecosystem. This was in contrast to those 
reported by Sainju et al. (2016) who found 
that tillage increased N deficit compared 
to no-till under dryland cropping systems 
in eastern Montana. Differences in soil and 
climatic conditions and cropping systems 
may have resulted in variations in N bal-
ance among regions. Soil in my study was 
sandy loam compared with loam in eastern 
Montana. My study involved both irrigated 
and dryland cropping systems compared 
with a dryland cropping system in east-
ern Montana. Western North Dakota also 
receives 50 mm more annual precipitation 
than eastern Montana. In contrast, similar 
N balance between CTBN and CTBO or 
NTBN and NTBO suggests that N fertil-
ization has little effect on N balance. Greater 
N surplus in the irrigated practice or lower 
N deficit in the nonirrigated practice with 
NTB-P than other cropping systems, how-
ever, suggests that legume–nonlegume 
rotation with reduced N rate can increase N 
surplus or reduce N deficit, a report similar 
to those documented by several researchers 
(Ross et al. 2008; Sainju et al. 2016). Our N 
balance values of –54 to 30 kg N ha–1 y–1 

were similar to or slightly greater than the 
reported values of –45 to 45 kg N ha–1 y–1 

by several researchers (Korsaeth and Eltum 
2000; Karlsson et al. 2003) who suggested 
that most of the N cycling under crop pro-
duction occurred at the expense of soil total 
N, which was highly variable among treat-
ments and years. 

The ratio of grain N removal to total N 
input was greater with CTBO than NTB-P 
and NTBO in the irrigated practice and 
greater with CTBO and NTBO than other 
cropping systems in the nonirrigated prac-
tice (table 8). The ratio was greater in the 
nonirrigated than the irrigated practice 
with CTBN, CTBO, and NTBO. This sug-
gests that, out of total N input, greater N 

was removed from the grain with CTBO in 
the irrigated practice and with CTBO and 
NTBO in the nonirrigated practice. Grain N 
removal was even higher than total N input 
with N-unfertilized cropping systems in the 
nonirrigated practice. As N added through 
atmospheric N deposition, soil N mineral-
ization, and nonsymbiotic N fixation were 
estimated from the literature, it is likely that 
more N could have added through these pro-
cesses and N-unfertilized crops could have 
more efficiently taken up N from the soil 
compared with N-fertilized crops, especially 
under nonirrigated condition. Nitrogen-use 
efficiency of crops is reduced at higher N 
rates (Varvel and Peterson 1990). In contrast, 
the ratio of N loss to the environment to total 
N input was greater with CTBN and NTBN 
than other cropping systems in both irrigated 
and nonirrigated practices (table 8), suggest-
ing that increased N fertilization rate to crops 
can increase N loss to the groundwater and 
the atmosphere, regardless of irrigation prac-
tices. Although grain N removal relative to 
total N input was lower, lower N loss to the 
environment with NTB-P compared with 
CTBN and NTBN suggests that legume–
nonlegume crop rotation with reduced N 
fertilization can reduce N loss compared 
with continuous nonlegumes applied with 
recommended N fertilizer. Similar results 
for lower N loss to the environment with 
legume–nonlegume rotation compared with 
continuous nonlegumes were reported by 
various researchers (Davis et al. 2003; Ross 
et al. 2008; Sainju et al. 2016). These results 
suggest that NTB-P can enhance the sus-
tainability of agroecosystem by increasing 
N crop removal and reducing N loss to the 

environment and creating favorable N bal-
ance, regardless of irrigation practices—facts 
similar to our hypothesis. 

Summary and Conclusions
Nitrogen balance in response to irrigation 
practices and cropping systems provided 
different pictures of N flows in the agro-
ecosystem through N inputs, outputs, and 
retention in the soil. Irrigation practice 
resulted in N surplus compared with non-
irrigated practice by increasing N inputs 
from N fertilization rate, pea N fixation, 
N added from irrigation water, and soil N 
mineralization while resulting in similar 
total N output through nonsignificant grain 
N removal. In contrast, nonirrigated prac-
tice resulted in N deficit due to increased 
total N output compared to total input. 
The CTBO and NTBO reduced total N 
inputs and outputs and resulted in slightly 
N surplus in the irrigated practice to major 
N deficit in the nonirrigated practice 
compared to other cropping systems. The 
NTB-P had greater N surplus in the irri-
gated practice and lower N deficit in the 
nonirrigated practice compared to other 
cropping systems. Nitrogen fertilization rate 
and N loss to the environment relative to 
total N input were also lower, but similar 
grain N removal with NTB-P compared to 
CTBN and NTBN. Because of similar grain 
N removal and favorable N balance, but 
reduced N loss to the environment, NTB-P 
can sustain agroecosystem performance and 
reduce environmental degradation com-
pared to CTBN and NTBN, regardless of 
irrigation practices. These results matched 
to our hypothesis. 

Table 7
Interaction between irrigation practice and cropping system on soil total nitrogen (N) content 
at the 0 to 10 cm depth.

 Soil total N (Mg N ha–1)

Cropping system Irrigated practice Nonirrigated practice

CTBN 1.60a* 1.57ab
CTBO 1.42cB† 1.61aA
NTB-P 1.54ab 1.56ab
NTBN 1.55ab 1.51b
NTBO 1.50bcB 1.59abA
Notes: CTBN = conventional till malt barley with 67 to 134 kg N ha–1. CTBO = conventional till 
malt barley with 0 kg N ha–1. NTB-P = no-till malt barley-pea with 67 to 134 kg N ha–1. NTBN = 
no-till malt barley with 67 to 134 kg N ha–1. NTBO = no-till malt barley with 0 kg N ha–1.
*Numbers followed by different lowercase letters within a column are significantly different at p 
= 0.05 by the least significant difference test.
†Numbers followed by different uppercase letters within a row are significantly different at p = 
0.05 by the least significant difference test.
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