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Abstract: This study was about the water-nitrogen regulation model and its soil nutrient environment
effect for increasing the yield and efficiency of Bromus inermis in the Hexi Corridor, Gansu Province,
China. Bromus inermis was used as the research object in this study and four irrigation management
types and four nitrogen application levels were set. The four irrigation management types (controlled
by the percentage of field capacity (θf) at the jointing stage) were 75–85% (W0), 65–85% (W1), 55–85%
(W2) and 45–85% (W3). The four nitrogen application levels were pure nitrogen 0 kg·ha−1 (N0),
60 kg·ha−1 (N1), 120 kg·ha−1 (N2) and 180 kg·ha−1 (N3). The effects of water-nitrogen regulation on
the spatial and temporal distribution of soil moisture and nitrate nitrogen (NO3

−–N), plant height,
chlorophyll content, yield and water-nitrogen use efficiency of Bromus inermis were studied. Results
demonstrated that (1) soil water content (SWC) was mainly affected by irrigation and W1 treatment
helped maintain shallow soil (0–40 cm) water’s stability and avoided water redundancy or deficit in
the 60–80 cm soil layer. The distribution of soil NO3

−–N was mainly affected by nitrogen application.
The N2 treatment could effectively increase the NO3

−–N content in shallow soil (0–40 cm) and
prevent nitrate-nitrogen leaching in the 60–100 cm soil layer. (2) Irrigation and nitrogen application
could significantly increase the plant height and chlorophyll content of each cut of Bromus inermis.
The average plant height and chlorophyll content of the N2W1 treatment were 66.99% and 30.30%
higher than N0W3. (3) At the same time, irrigation and nitrogen application could significantly
increase the yield of each cut of Bromus inermis, and the interaction between the two had a significant
effect on the total yield. The total yield of the N2W1 treatment was the highest (12,259.54 kg·ha−1),
157.95% higher than N0W3. Irrigation and nitrogen application could significantly improve the
water-nitrogen use efficiency of Bromus inermis, and their interaction only significantly impacted the
partial-factor productivity of the applied nitrogen (PFPN). Meanwhile, the N2W2 treatment had the
highest water use efficiency (WUE) (23.12 kg·m−3), and the N1W1 treatment had the highest PFPN

(170.87 kg·kg−1). In summary, the moderate nitrogen application rate (120 kg·ha−1) combined with
mild water deficit (65–85% θf at the jointing stage) could not only promote the high yield of Bromus
inermis, but also avoid the leaching of water and nitrogen in deep soil. It is a suitable water and
nitrogen management mode for Bromus inermis in the Hexi Corridor of Gansu Province, China.

Keywords: irrigation pattern; nitrogen application rate; artificial grassland; soil water content; nitrate
nitrogen content; production benefit

1. Introduction

The high-quality development of the herbage industry is the key to improving the
ecological environment of grassland and ensuring national food security [1,2]. However,
the limited long-term supply of water and fertilizer restricts the healthy development of
the herbage industry [3]. On the one hand, the shortage of water resources and the lack of
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soil nitrogen have restricted the normal growth and output of herbage and, to some extent,
restricted the expansion and distribution of forage, increasing the dependence on natural
grassland and leading to the deterioration of the ecological environment [4,5]. On the
other hand, the current herbage market has a strong demand for high-quality herbage [6,7],
forcing farmers to blindly invest excessive water and nitrogen resources in pursuit of high
yield and efficiency, resulting in the lower utilization of water and fertilizer resources, soil
nitrogen leaching loss and serious groundwater pollution [8,9]. Therefore, researching the
production potential of water and nitrogen management in the forage industry would help
alleviate the shortage of forage supply and the waste of water and fertilizer resources.

Water and nitrogen are the main environmental factors limiting crop growth and yield
formation, and they are also the important factors affecting the soil nutrient environment.
There are obvious interactions between water and nitrogen [10,11]. As a good solvent and
carrier, water can accelerate the dissolution and mineralization of nitrogen fertilizer in
the soil and transport it to crop roots by diffusion or mass flow [12,13], thus promoting
the absorption and utilization of nutrients by plants. Nitrogen application can increase
soil water potential and activate deep soil water, thus increasing soil water availability
and improving crop growth environment [14]. Many studies have shown that the optimal
allocation of water and nitrogen could give full play to the coupling effect of water and
nitrogen, achieve the high yield and high efficiency of crops and effectively avoid the waste
of resources. Cong et al. [15] found in the study of the North China Plain that the mode
of nitrogen reduction and water adaptation with nitrogen application of 255 kg·ha−1 and
irrigation of 370 mm could not only meet the growing needs of winter wheat but also
increased the utilization of soil water storage by 41.12 mm and reduced nitrate leaching
by 15.87% compared with high nitrogen water (nitrogen application of 330 kg·ha−1 and
irrigation of 495 mm). Ahmad et al. [16] found in Pakistan that the response of maize plant
height and grain yield to nitrogen fertilizer depended on water availability. When the
nitrogen application rate was 240 kg·ha−1, there was no significant difference in maize
plant height and grain yield between full irrigation and 80% full irrigation. However, it
could improve WUE and economic benefits. Bahrami et al. [17] found that in the arid
and semi-arid regions of Iran, under full irrigation, the WUE of quinoa with 250 kg·ha−1

nitrogen application was 42% higher than that without nitrogen application. In contrast,
within 75% full irrigation, the value could reach 67% and the accumulation of nitrate
nitrogen (NO3

−–N) in the upper soil increased while the loss of NO3
−–N in the deep soil

reduced. That was, reasonable water deficit and nitrogen fertilizer application could help to
improve water and nitrogen use efficiency. García-López et al. [18] found in the semi-arid
region of southern Spain that increasing the nitrogen application rate could not increase
sunflower yield when water was seriously deficient and when the irrigation amount was
60–80% of full irrigation. The nitrogen application rate was 100–150 kg·ha−1. There was
a significant interaction effect between water and nitrogen on sunflower yield. However,
the previous water-nitrogen regulation research pays more attention to food and economic
crops. There are few studies on forage production and obvious spatial differences in water
and nitrogen supply thresholds.

The Hexi Corridor of Gansu Province is the main producing area of high-quality
herbage in China. However, the problems of natural grassland degradation, low forage
yield caused by perennial drought and soil nutrient loss are more prominent [19]. At
the same time, planting artificial grassland could help improve soil structure, maintain
ecosystem stability and promote the herbage industry’s vigorous development and the
effective recovery of degraded grassland [20,21]. Bromus inermis is considered the best grass
planting in the Hexi Corridor of Gansu Province because of its cold and drought resistance,
large leaf size, good palatability, rich nutrition and strong adaptability [22]. Currently, most
studies on Bromus inermis focus on germplasm resource screening, genetic theory and the
mixed-sowing effect of leguminous and gramineous pasture [21,23,24]. There needs to be
more systematic research on the growth characteristics and yield changes of Bromus inermis
under the water-nitrogen regulation mode in the Hexi Corridor of Gansu Province. In
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summary, this study used three-year-old Bromus inermis as the object aiming to: (1) clarify
the effects of water-nitrogen regulation on the spatial and temporal distribution of water
and nitrogen in grassland, and the growth, yield and water and nitrogen use efficiency of
Bromus inermis; (2) obtain the high yield, high efficiency and eco-friendly water-nitrogen
regulation mode of Bromus inermis in the Hexi Corridor of Gansu Province, China.

2. Materials and Methods
2.1. Description of the Experimental Site

The experiment was conducted at Minghua Township Test Station (39◦67′ N, 98◦47′ E,
altitude 1387 m), Sunan Yugu Autonomous County, Zhangye, Gansu Province, China,
from April to October 2020. The experimental region had a typical inland arid climate,
with annual sunshine hours of 3034 h, precipitation of 90 mm, evaporation of 1731 mm,
temperature of 7.3 ◦C and a frost-free period of 131 d on average, respectively. The
meteorological data were measured by a small intelligent agrometeorological station (TH-
CQX meteorological Station, Tianhe Environment Technology Co., Ltd, Weifang, Shandong,
China). The precipitation during the growth period of Bromus inermis was 50.9 mm, and
the average temperature was 20.1 ◦C (Figure 1). The soil type of the experimental region
was sandy loam, and the soil layer of 0–120 cm had an average dry bulk density of soil
of 1.51 g·cm−3, a field capacity of 34.0%, a wilting coefficient of 8.8% (volumetric water
content) and a pH of 7.4. The nutrient contents of the topsoil in the experimental region
were as follows: 3.16 g·kg−1 of organic matter, 0.22 g·kg−1 of total nitrogen, 0.24 g·kg−1 of
total phosphorus, 7.60 g·kg−1 of total potassium, 7.65 mg·kg−1 of NO3

−–N, 3.18 mg·kg−1

of available phosphorus and 257.66 mg·kg−1 of available potassium.
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Figure 1. Meteorological characteristics of the experimental site from April to October in 2020. 
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2.2. Experimental Design and Field Management

The Bromus inermis (Bromus inermis cv. Carlton, provided by Pratacultural College of
Gansu Agricultural University, Lanzhou, Gansu, China) was sown through drill-sowing
on 8 May 2018. The sowing amount, the sowing depth and the spacing were 30 kg·ha−1,
2 cm and 30 cm, respectively. From sowing to the beginning of the experiment, each plot
was under unified management. The irrigation method was spray irrigation. PE hot-melt
pipes were laid in each residential area and sprinklers (Butterfly sprinkler, provided by
DaYu Water-saving Co., Ltd., JiuQuan, GanSu, China) were arranged in the center with a
spraying radius of 2–4 m (Figure 2).

The experiment adopted a two-factor complete randomized block with 4 irrigation
management and 4 nitrogen (pure nitrogen) application levels. According to the local
production practice and other research [25], irrigation management was 75–85% field water
capacity (θf, W0, full irrigation), 65–85% θf (W1, slight water deficit), 55–85% θf (W2,
moderate water deficit) and 45–85% θf (W3, severe water deficit). The upper and lower
limits of water content were set based on the percentage of soil volume water content
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in theθf at the jointing stage. In the meantime, full irrigation was conducted for the rest
of the growth period. The planned depth of the wet layer was 80 cm. Irrigation began
when the average soil moisture content in the planned wetting layer reached the lower
limit of each irrigation management until it reached the upper limit (85% θf). Meanwhile,
valves and water meters (with an accuracy of 0.0001 m3) were installed independently in
each community to control water. The irrigation process of each treatment is shown in
Figure 3. The nitrogen application levels (pure nitrogen, urea, China National Petroleum
Corporation, Beijing, China, N ≥ 46%) were 0 kg·ha−1 (N0, no nitrogen), 60 kg·ha−1 (N1,
low nitrogen), 120 kg·ha−1 (N2, medium nitrogen) and 180 kg·ha−1 (N3, high nitrogen). It
was applied at the returning green stage of the first cut and the regeneration stages of the
second and third cuts (in the middle of April, the first ten days of June and the beginning
of August 2020). The application ratio of the three cuts was 5:3:2. There were a total of
16 treatments, each repeated three times, which comprised 48 plots, each measuring 25 m2

(5 m × 5 m). The interval between plots was 1 m. Meanwhile, a protective row 1 m wide
was set around the test site. Before the test was carried out, water was uniformly irrigated
to the field water capacity. During the experiment, Bromus inermis was mowed three times
(at the end of the heading stage) on 10 June, 31 July and 27 September. Meanwhile, other
field management was consistent with the local high-yield fields of Bromus inermis.
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2.3. Indicators and Methods for Measurement
2.3.1. Soil Moisture Content (SWC, %)

A probe tube was randomly arranged at a distance of 1.25 m from the center of each
small area, and the soil moisture content (SWC) of the 0–120 cm soil layer was measured by
portable time-domain reflectometer TDR (PICO-BT, IMKO GMBH, Ettlingen, Germany).
It was measured every 7 days, and additional surveys were carried out before and after
irrigation and after precipitation. Meanwhile, it was calibrated with the drying method
every 15 days. The soil moisture data were applied to determine the irrigation time
and volume.

2.3.2. Soil NO3
−–N Content (mg·kg−1)

After each cut of Bromus inermis was mowed, random sampling points were selected
at a distance of 1.25 m from the center of each plot (keeping a distance from the TDR
measuring tube); the measured depth was 1 m (10 cm interval within 0–40 cm, 20 cm
interval within 40–100 cm). After the soil sample was air-dried, it was screened by a 2 mm
sifter. Finally, the soil NO3

−–N content was determined through KCl digest-indophenol
blue colorimetry of 2 mol/L.
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Figure 3. Irrigation process of each treatment during the growth period of Bromus inermis. N0, N1, N2
and N3 refers to the nitrogen application level is 0 kg·ha−1, 60 kg·ha−1, 120 kg·ha−1 and 180 kg·ha−1,
respectively. 2.3. Indicators and Methods for Measurement.

2.3.3. Plant Height (cm) and Chlorophyll Content

Before cutting each cut of Bromus inermis, 7 plants with similar growth potential were
randomly selected from each plot and the plant height (accurate to 0.1 cm) was measured
with steel tapes. Meanwhile, the chlorophyll content was measured with a hand-held
chlorophyll meter (Nissan SPAD-502, Japan).

2.3.4. Yield (kg·ha−1)

After the end of the heading period, two 1 m × 1 m sample areas in each plot were
cut at 5 cm from the ground and fixation was conducted at 105 ◦C for 30 min. Then,
samples were dried at 75 ◦C for 48 h. Finally, the dried weight was weighed and converted
into yield.

2.3.5. Water-Nitrogen Use Efficiency

(1) WUE (kg·m−3) [17]

WUE = Y/ETa (1)

ETa = I + P + U − ∆W − D− R (2)

where Y is the yield of Bromus inermis (kg·ha−1); ETa is the water consumption (mm); I
is the irrigation volume (mm); P is the effective precipitation (mm); U is the amount of
groundwater recharge (mm) (the groundwater depth is ignored due to its depth); D is the
amount of deep leakage (mm), which is ignored; R is the surface runoff (mm), which is
ignored; ∆W is the change of soil moisture from the beginning to the end of the test (mm).

(2) PFPN (kg·kg−1) [24]
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PFPN = Y/N (3)

where N is nitrogen application rate (kg·ha−1).

2.4. Data Analysis

IBM SPSS Statistics 23.0 software (IBM Inc., New York, NY, USA) was used for the
statistical analysis of the data. Two-way ANOVA was used to test the effects of water
and nitrogen and their interaction on the plant height, chlorophyll content, yield and
water-nitrogen use efficiency of Bromus inermis (p < 0.05). The figures were produced using
Origin 9.0 (Originlap Crop., Northampton, MA, USA) and Surfer 18 (Golden Software Inc.,
Golden, CO, USA).

3. Results
3.1. Effects of Water-Nitrogen Regulation on Soil Moisture Distribution

The temporal and spatial distribution of SWC in the 0–120 cm soil layer of Bromus
inermis is shown in Figure 4. The SWC of the 0–120 cm soil layer increased first and then
decreased with increasing soil depth. Furthermore, the SWC of the 0–40 cm soil layer had
the most obvious change with the advance of time, and the overall trend was decreasing.
Under the same nitrogen application conditions, the decreasing trend from W3 to W0
gradually became weaker (p < 0.05), and the SWC of the W3 treatment changed the most.
The SWC of N0, N1, N2 and N3 treatment under different water conditions varied from
−6.83% to 2.13%, −7.71% to 2.59%, −7.05% to 1.69% and −4.84% to 2.57%, respectively.
The SWC of the 60–80 cm soil layer increased significantly with increasing depth, and the
treatments of W0, W1, W2 and W3 increased by 2.34–4.71%, 2.97–4.62%, 1.10–4.20% and
−0.17–3.72%, respectively. The SWC change in the 60–80 cm soil layer was not uniform in
the time dimension. Under the same nitrogen application, the SWC of the W0 treatment
increased slowly, with a prominent water accumulation area at 80 cm in July and August;
the SWC of the W1 treatment had no obvious or weak change, which could ensure the
relative balance of water supply and demand of Bromus inermis; the W2 and W3 treatments
showed a slow downward trend. The SWC of the 100–120 cm soil layer had no significant
change in time and space.

3.2. Effects of Water-Nitrogen Regulation on Distribution of Soil NO3
−–N

The variation of NO3
−–N content in the 0–100 cm soil layer of Bromus inermis is shown

in Figure 5. At the same irrigation level, the content of NO3
−–N in different soil layers of

N1, N2 and N3 treatments enhanced with increasing cut times. However, increasing cut
times decreased the content of the N0 treatment. The content of NO3

−–N in each treatment
decreased with increasing soil depth. The content of NO3

−–N in the 0–40 cm soil layer was
most affected by nitrogen application. The content of NO3

−–N in N1, N2 and N3 treat-
ment was 4.25–6.24%, 8.23–11.39%, 9.83–13.86% (the first cut), 40.71–47.10%, 63.96–75.20%,
81.11–94.21% (the second cut) and 130.22–141.92%, 168.06–183.68%, 211.80–236.65% (the
third cut) higher than in N0 treatment. The content of NO3

−–N in the 60–100 cm soil
layer remained stable, but the content of NO3

−–N in N2W0, N3W0 and N3W1 treatments
showed an increasing trend with the increase in soil depth in the second and third cuts.
This phenomenon indicated that high water and high nitrogen easily caused soil NO3

−–N
deep-layer leakage.

3.3. Effects of Water-Nitrogen Regulation on Plant Height and Chlorophyll Content of
Bromus inermis
3.3.1. Plant Height

In Figure 6, the plant height of Bromus inermis decreased with increasing cut times,
and the overall performance was as follows: the first cut > the second cut > the third cut.
The effects of irrigation and nitrogen application on the plant height of three cuts reached
a significant level (r = 0.963, 0.955 and 0.935, p < 0.01). At the same nitrogen application
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level, the plant height of each cut increased first and then stabilized with increasing
irrigation level. W0, W1 and W2 increased significantly by 13.42–40.36%, 16.77–40.62% and
6.43–25.41% compared with W3. Furthermore, there was no significant difference between
W0 and W1 treatments. At the same irrigation level, the plant height of each cut increased
first and then stabilized with increasing nitrogen application. N1, N2 and N3 significantly
increased by 7.86–44.81%, 22.62–65.13% and 12.15–71.78% compared with N0, without
significant difference between N2 and N3 treatments. The interaction of water and nitrogen
had no significant effect on the plant height of the three cuts. However, the average plant
height of N1W2, N2W1 and N3W0 was 27.32%, 66.99% and 69.02% higher than N0W3.
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Figure 6. Effects of water-nitrogen regulation on plant height of Bromus inermis. Different capital
letters indicate the difference between different irrigation management types under the same nitrogen
application level, and different lowercase letters indicate the difference between different nitrogen
application levels under the same irrigation management (p < 0.05). W and N refer to irrigation
management and nitrogen application level, respectively; N ×W refers to interaction effect between
the two. ** indicates an extremely significant difference (p < 0.01); ns indicates no significant difference
(p > 0.05).

3.3.2. Chlorophyll Content

In Figure 7, irrigation and nitrogen application had a significant impact on the chloro-
phyll content of each cut (r = 0.827, 0.820 and 0.894, p < 0.01) and the impact on the
chlorophyll content of each cut was identical. The chlorophyll content of the first cut was
slightly lower than the second cut, but both were significantly higher than that of the
third cut. Under the same nitrogen application level, the chlorophyll content of each cut
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increased with increasing irrigation amount. Compared with the W3 treatment, the chloro-
phyll content of the first, second and third cut of the W0 treatment increased significantly
by 10.79–12.77%, 14.37–16.68% and 4.38–14.34%, without significant differences between
the W0, W1 and W2 treatments. At the same irrigation level, the chlorophyll content of
each cut increased with an increasing nitrogen application rate. Compared with the N0
treatment, the chlorophyll content of the first, second and third cuts of the N3 treatment
increased by 9.54–13.53%, 7.25–12.85% and 6.20–13.23%, without significant differences
between N1, N2 and N3 treatment. The interaction of water and nitrogen had no significant
effect on the chlorophyll content of the three cuts, but the average chlorophyll content of
N1W2, N2W1 and N3W0 was 14.08%, 30.30% and 25.78% higher than N0W3.
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Figure 7. Effects of water-nitrogen regulation on chlorophyll content of Bromus inermis. Different
capital letters indicate the difference between different irrigation management types under the same
nitrogen application level, and different lowercase letters indicate the difference between different
nitrogen application levels under the same irrigation management (p < 0.05). W and N refer to
irrigation management and nitrogen application level, respectively; N ×W refers to interaction effect
between the two. ** indicates an extremely significant difference (p < 0.01); ns indicates no significant
difference (p > 0.05).

3.4. Effect of the Water-Nitrogen Regulation on Yield of Bromus inermis

According to Figure 8, the yield of Bromus inermis was the first cut > the second
cut > the third cut. The effects of irrigation and nitrogen application on the yield of Bromus
inermis in the third cut were extremely significant (r = 0.965, 0.963 and 0.974, p < 0.01). At the
same nitrogen application level, the yield of each cut increased first and then decreased with
increasing irrigation amount and reached the peak value in the W1 treatment. Compared
with the W3 treatment, the yield of the first, second and third cuts of the W1 treatment
increased 55.34–70.07%, 33.06–61.60% and 34.45–51.05%, without significant differences
between the W0 and W1 treatments. At the same irrigation level, the yield of each cut
increased first and then decreased with an increasing nitrogen application rate and reached
the peak value in the N2 treatment. Compared with the N0 treatment, the yield of the
first, second and third cuts of the N2 treatment increased 65.27–93.56%, 67.40–83.98% and
49.20–86.95% without significant differences between the N2 and N3 treatments. Irrigation
and nitrogen application only had a significant interaction on the first cut yield and total
yield of Bromus inermis. Compared with N0W3, the total yield of N1W2, N2W1 and N3W0
increased by 66.65%, 157.95% and 144.72% (r = 0.990, p < 0.01). Meanwhile, the total yield
of Bromus inermis under N2W1 treatment reached a peak of 12,259.54 kg·ha−1.



Agronomy 2023, 13, 745 10 of 16

Agronomy 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 

between the two. ** indicates an extremely significant difference (p < 0.01); ns indicates no significant 

difference (p > 0.05). 

3.4. Effect of the Water-Nitrogen Regulation on Yield of Bromus Inermis 

According to Figure 8, the yield of bromus inermis was the first cut > the second cut > 

the third cut. The effects of irrigation and nitrogen application on the yield of bromus in-

ermis in the third cut were extremely significant (r = 0.965, 0.963 and 0.974, p < 0.01). At the 

same nitrogen application level, the yield of each cut increased first and then decreased 

with increasing irrigation amount and reached the peak value in the W1 treatment. Com-

pared with the W3 treatment, the yield of the first, second and third cuts of the W1 treat-

ment increased 55.34–70.07%, 33.06–61.60% and 34.45–51.05%, without significant differ-

ences between the W0 and W1 treatments. At the same irrigation level, the yield of each 

cut increased first and then decreased with an increasing nitrogen application rate and 

reached the peak value in the N2 treatment. Compared with the N0 treatment, the yield 

of the first, second and third cuts of the N2 treatment increased 65.27–93.56%, 67.40–

83.98% and 49.20–86.95% without significant differences between the N2 and N3 treat-

ments. Irrigation and nitrogen application only had a significant interaction on the first 

cut yield and total yield of bromus inermis. Compared with N0W3, the total yield of N1W2, 

N2W1 and N3W0 increased by 66.65%, 157.95% and 144.72% (r = 0.990, p < 0.01). Mean-

while, the total yield of bromus inermis under N2W1 treatment reached a peak of 12,259.54 

kg·ha−1. 

 

Figure 8. Effects of water-nitrogen regulation on yield of bromus inermis. Different capital letters 

indicate the difference between different irrigation management types under the same nitrogen ap-

plication level, and different lowercase letters indicate the difference between different nitrogen ap-

plication levels under the same irrigation management (p < 0.05). W and N refer to irrigation man-

agement and nitrogen application level, respectively; N × W refers to interaction effect between the 

two. ** indicates an extremely significant difference (p < 0.01); ns indicates no significant difference 

(p > 0.05). 

  

N
0

W
0

N
0

W
1

N
0

W
2

N
0

W
3

N
1

W
0

N
1

W
1

N
1

W
2

N
1

W
3

N
2

W
0

N
2

W
1

N
2

W
2

N
2

W
3

N
3

W
0

N
3

W
1

N
3

W
2

N
3

W
30

1400

2800

4200

5600

7000

 
Y

ie
ld

 (
k

g
·h

a-1
)

 First cut

Ac

Bc

Cc

Ac

Ab

Cb

ABb

Bb

ABa

Ca

Ba

Aa
Aa

Cab

Ba

Aa
W  **     N   **     N×W  **    

N
0

W
0

N
0

W
1

N
0

W
2

N
0

W
3

N
1

W
0

N
1

W
1

N
1

W
2

N
1

W
3

N
2

W
0

N
2

W
1

N
2

W
2

N
2

W
3

N
3

W
0

N
3

W
1

N
3

W
2

N
3

W
3

0

800

1600

2400

3200

4000

W  **     N   **     N×W  ns    

Yi
el

d
 (

k
g

·h
a-1

)

 Second cut

Ac

Bc

ABc

Ac

ABb

Cbc

Bb

Ab

ABa

Ca

Ba

Aa Aa

Cab

Ba

Aa
N

0
W

0

N
0

W
1

N
0

W
2

N
0

W
3

N
1

W
0

N
1

W
1

N
1

W
2

N
1

W
3

N
2

W
0

N
2

W
1

N
2

W
2

N
2

W
3

N
3

W
0

N
3

W
1

N
3

W
2

N
3

W
30

800

1600

2400

3200

W  **     N   **     N×W  ns    

TreatmentsTreatments

Y
ie

ld
 (

k
g

·h
a-1

)

 Third cut

Ad

Bc
Bd

Ac

Ac Ab

Cb

Bc

Aa

Da

Ca
Ba Ab

Ca

Bb

Aa

N
0

W
0

N
0

W
1

N
0

W
2

N
0

W
3

N
1

W
0

N
1

W
1

N
1

W
2

N
1

W
3

N
2

W
0

N
2

W
1

N
2

W
2

N
2

W
3

N
3

W
0

N
3

W
1

N
3

W
2

N
3

W
3

W  **     N   **     N×W  **    

14,000

12,000

10,000

8000

0

6000

4000

Y
ie

ld
 (

k
g

·h
a-1

)

 Total

Ac

Cc

Bd

Ac

Bb

Cc

Db

Ab

Aa

Ca

Ba

Aa
Aa

Ca

Bb

Aa

2000

Figure 8. Effects of water-nitrogen regulation on yield of Bromus inermis. Different capital letters
indicate the difference between different irrigation management types under the same nitrogen
application level, and different lowercase letters indicate the difference between different nitrogen
application levels under the same irrigation management (p < 0.05). W and N refer to irrigation
management and nitrogen application level, respectively; N ×W refers to interaction effect between
the two. ** indicates an extremely significant difference (p < 0.01); ns indicates no significant difference
(p > 0.05).

3.5. Effect of Water-Nitrogen Regulation on Water-Nitrogen Use Efficiency of Bromus inermis

According to Table 1, the effects of irrigation and nitrogen application on the water-
nitrogen use efficiency of Bromus inermis reached a significant level (r = 0.976 and 0.994,
p < 0.01). Under the same nitrogen application level, WUE increased and then decreased
with increasing irrigation water, and the W2 treatment was the highest. In detail, it increased
by 28.31–34.68%, −0.81–5.08% and 13.08–22.41%, higher than W0, W1 and W3 treatment.
At the same irrigation level, WUE increased and then decreased with an increasing nitrogen
application rate. The N2 treatment was the highest, which was 49.81–62.16%, 19.69–29.10%
and 6.01–11.27% higher than N0, N1 and N3 treatment. The PFPN of Bromus inermis was
W1 > W0 > W2 > W3 under the same nitrogen application treatment and N1 > N2 > N3
under the same water treatment. Compared with W0, W3 and W2 treatment, W1 increased
by 1.60–7.93%, 53.91–58.09% and 11.24–16.63%. Meanwhile, N1 increased by 43.73–59.28%
and 133.34–152.49% compared with the N2 and N3 treatments. The analysis of variance
showed that the interaction of water and nitrogen on WUE was not significant. However,
the interaction on PFPN was significant (p < 0.05). Among all treatments, the WUE of the
N2W2 treatment was the highest (23.12 kg·m−3), and the PFPN of the N1W1 treatment was
the highest (171.52 kg·kg−1). Furthermore, the water-nitrogen utilization efficiency of the
N2W1 treatment was 15.78 kg·m−3 and 110.52 kg·kg−1.
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Table 1. Water use efficiency and partial-factor productivity of applied nitrogen of Bromus inermis
under water-nitrogen regulation.

Treatment
Water Use
Efficiency

(WUE, kg·m−3)

Partial-Factor Productivity of
Applied Nitrogen
(PFPN, kg·kg−1)

Treatment Water Use Efficiency
(WUE, kg·m−3)

Partial-Factor
Productivity of

Applied Nitrogen
(PFPN, kg·kg−1)

N0W0 1.06 ± 0.03 Cc - N2W0 1.72 ± 0.10 Ca 105.03 ± 4.74 Ab
N0W1 1.41 ± 0.06 Ad - N2W1 2.20 ± 0.04 Aa 107.69 ± 2.51 Ab
N0W2 1.43 ± 0.08 Ad - N2W2 2.31 ± 0.05 Aa 96.81 ± 1.69 Bb
N0W3 1.26 ± 0.10 Bc - N2W3 1.89 ± 0.09 Ba 69.97 ± 1.92 Cb
N1W0 1.34 ± 0.12 Cb 158.92 ± 9.43 Ba N3W0 1.62 ± 0.01 Ba 68.11 ± 0.87 Ac
N1W1 1.81 ± 0.09 Ac 171.52 ± 5.42 Aa N3W1 2.06 ± 0.06 Ab 69.20 ± 1.28 Ac
N1W2 1.79 ± 0.03 Ac 139.14 ± 3.56 Ca N3W2 2.08 ± 0.05 Ab 59.33 ± 1.18 Bc
N1W3 1.58 ± 0.09 Bb 110.52 ± 6.27 Da N3W3 1.73 ± 0.10 Bab 43.77 ± 2.80 Cc

Test of variance of significance

Index N W N ×W

WUE 108.021 ** 35.696 ** 0.956 ns
PFPN 282.156 ** 38.345 ** 3.274 *

Note: Different capital letters indicate the difference between different irrigation management types under the
same nitrogen application level, and different lowercase letters indicate the difference between different nitrogen
application levels under the same irrigation management (p < 0.05). ** indicates an extremely significant difference
(p < 0.01); * indicates a significant difference (p < 0.05); ns indicates no significant difference (p > 0.05).

4. Discussion
4.1. Effects of the Water-Nitrogen Regulation on the Spatiotemporal Distribution of Water and
Nitrogen in Bromus inermis

Soil moisture is the main factor affecting grassland ecosystem productivity in arid and
semi-arid areas [26]. In this study, the SWC of the 0–40 cm soil layer gradually decreased
with time, which may be related to the climate and plant growth and development in
the test area [27]. At the beginning of the experiment, the low atmospheric temperature
and light radiation had little effect on the evaporation and transpiration of Bromus inermis.
In addition, the soil water demand of Bromus inermis in the early growth stage was low.
However, the surface SWC gradually decreased with the rising temperature, intensifying
light and increasing water consumption of herbage growth. Under the same nitrogen
application treatment, the fluctuation range of SWC in the 0–40 cm soil layer in time was
W3 > W2 > W1 > W0. Probably, intensifying water deficit inhibited the normal growth and
development of Bromus inermis, resulting in the reduction of surface vegetation coverage
and strong surface evaporation. In this study, the SWC of the 60–80 cm soil layer under
different water-nitrogen treatments did not have a unified change with time. The SWC
of the W0 treatment increased slowly with time. The SWC of the W1 treatment did not
have significant changes, but the SWC of the W2 and W3 treatments showed a slow decline
trend. This phenomenon might be related to the root distribution and resource allocation
differences caused by different water treatments [28]. Meanwhile, Tu et al. [29] found that
the SWC of the 0–100 cm soil layer in artificial grassland increased first and then decreased,
and the SWC of the 0–60 cm soil layer changed greatly. Hou et al. [30] believed that the
SWC gradually decreased with increasing soil depth within the range of 0–100 cm, and the
soil moisture fluctuated greatly in the 0–30 cm soil layer. In contrast, the results of this study
were more similar to Chen et al. [31] due to the difference in water supply between artificial
grassland and natural grassland. The soil water supply of natural grassland is heavily
dependent on natural precipitation, especially in arid and semi-arid areas with scarce
precipitation and serious evaporation, resulting in water being absorbed and utilized by
plants or evaporated before flowing into the deep soil. Compared with natural grassland,
artificial grassland is affected by artificial water regulation. After meeting crop water
demand as well as normal evaporation and transpiration, water will seep under gravity.
However, whether natural or artificial grassland, its deep soil is less affected by external
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factors, playing the role of a soil reservoir [32]. Meanwhile, its SWC is maintained in a
stable range. Therefore, surface and shallow SWC have substantial spatial variability.

Improving soil fertility is an effective way to improve herbage growth and grassland
productivity. As a nitrogen form easily absorbed and used by crops, the content of NO3

−–
N determines the soil nitrogen supply capacity to a certain extent [33]. Under the same
irrigation level, the NO3

−–N content in the soil profile of each cut increased with increasing
nitrogen application rate. Meanwhile, it decreased first and then stabilized with an increas-
ing soil depth (except for N2W0, N3W0 and N3W1), which was consistent with the research
results of Sahoo et al. [34]. Nitrogen fertilizer could not be directly absorbed and used by
crops after being applied to the soil. It needed to be converted into NO3

−–N through the
action of nitrification. In the meantime, increasing nitrogen application can improve the soil
mineralization rate, significantly improving soil fertility [35]. The NO3

−–N content of the
soil profile in each treatment was concentrated in 0–40 cm shallow soil. Oliveira et al. [36]
and Wu et al. [37] found that soil moisture also affected the rate of nitrogen nitrification.
An appropriate water supply could convert solid nitrate into liquid nitrate ions for crop
absorption and utilization. However, continuous and sufficient irrigation could lead to
water redundancy in deep soil, forming an anaerobic environment in local areas. As a
result, the smooth progress of nitrification was inhibited, and the soil NO3

−–N content did
not increase but decreased. However, water supply has no obvious effect on the NO3

−–N
content of the soil profile in this experiment, which may be related to the soil texture of
the test site or the determination time of NO3

−–N. In addition, the NO3
−–N content of the

60–100 cm soil layer treated with N2W0, N3W0 and N3W1 showed a gradually increasing
trend with increasing cut times. This phenomenon indicated that excessive irrigation under
high nitrogen conditions could easily lead to the leaching of soil NO3

−–N, with a risk of
groundwater pollution.

4.2. Effects of Water-Nitrogen Regulation on the Growth of Bromus inermis

Plant height is an important indicator of herbage growth and production performance.
Plants can maximize the distribution, interception and utilization of light energy by adjust-
ing plant height [38]. Wang et al. [39] found that the plant height of oat and common vetch
decreased with the aggravation of the water deficit. In the meantime, Fessehazion et al. [40]
proposed in a study of ryegrass that the plant height of ryegrass increased linearly with
increasing irrigation water. However, Sha et al. [41] believed that the continuous increase in
irrigation volume could not further improve the plant height of alfalfa, and the irrigation of
6000 m3·ha−1 was more conducive to the alfalfa growth than 6750 m3·ha−1. Some scholars
also believed that nitrogen addition had a threshold for the plant height of herbage. In
addition, the threshold range was related to the basic soil fertility, crop type and irrigation
gradient in the experimental area [38]. This study is consistent with previous research re-
sults. Irrigation and nitrogen application can significantly improve the plant height of each
cut, and the plant height of Bromus inermis will not change significantly after irrigation and
nitrogen application exceeding 65–85% θf and 120 kg·ha−1. In addition, the interaction of
water and nitrogen in this study had no significant interaction with the plant height in each
cut. This phenomenon might be related to the lodging phenomenon caused by excessive
water and nitrogen application, which was aroused by the overgrowth of plant nutrition,
excessive length of stems and leaves and undeveloped mechanical tissue of stems.

Chlorophyll is a necessary catalyst for plant photosynthesis, and its content directly
or indirectly affects the photosynthetic rate and nutrient accumulation of forage [42]. This
study showed that both irrigation and nitrogen application could significantly increase the
chlorophyll content in each cut of Bromus inermis, consistent with the results of Muham-
mad et al. [43]. The added irrigation could effectively alleviate the original chlorophyll
decomposition phenomenon induced by plant water shortage and promote chlorophyll
synthesis, improving the chlorophyll content of plant leaves [44]. As the main component
of chlorophyll, the moderate addition of nitrogen can enhance the nitrogen metabolism
as well as the synthesis and activity of photosynthetic enzymes in plants, improving the
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photosynthetic capacity of plants [45]. However, this study found a threshold value for
the effect of irrigation and nitrogen application on the chlorophyll content of each cut.
High water and high fertilizer would, on the contrary, reduce the chlorophyll content. This
phenomenon might be related to the theory of the optimal resource allocation of plants.
When the water and nitrogen supply exceeded the threshold of herbage absorption, the
reasons for the decrease in plant chlorophyll content had the following aspects: (1) Too
many resources were allocated to the above-ground part, resulting in excessive plant nu-
trition and the phenomenon of overgrowth and lodging, further increasing the shading
area between plants. This process was not conducive to the regular progress of forage
photosynthesis, decreasing chlorophyll content. (2) Persistent water and nitrogen supply
affected the upward transport of plant water and nutrients by inhibiting the sensitivity
of grass root respiration and reducing the number and activity of soil microorganisms,
resulting in the low chlorophyll content of grass. In addition, the chlorophyll content of the
first cut in this study was slightly lower than the second cut but significantly higher than
the third cut, which might be related to the light intensity between different cuts.

4.3. Effects of Water-Nitrogen Regulation on Yield and Water-Nitrogen Use Efficiency of
Bromus inermis

This study showed that irrigation and nitrogen application significantly affected the
yield and water-nitrogen use efficiency of Bromus inermis. The yield and WUE increased
first and then decreased with the increase in irrigation and nitrogen application. PFPN
increased first and then decreased with the increase in irrigation water and continued to
decrease with the increase in nitrogen application. The three reached the peak value in
different treatments, which were N2W3, N2W2 and N1W3. This was consistent with the
results of Kumar et al. [46] and Al-Solaimani et al. [47]. This further showed that water
and nitrogen were the key factors affecting the yield and water-nitrogen use efficiency of
Bromus inermis. Only by optimizing the allocation could researchers achieve the high yield
and high efficiency of crops. Moreover, in the appropriate range of water and nitrogen
application, water and nitrogen had a significant coupling effect on the total yield of
Bromus inermis. This effect was related to the degree of soil drought and the amount of
fertilizer application. When the irrigation mode was W3, the soil was severely dry, and
the effect of applying nitrogen fertilizer on yield increase was low. This was because
severe drought stress would inhibit the growth of plant roots, which was not conducive to
the absorption and utilization of water and nutrients by plants. Even excessive nitrogen
fertilizer might cause the phenomenon of seedling burning [48]. When the irrigation mode
was W1 treatment, the soil was in suitable water conditions, and nitrogen application
was beneficial to the reproduction of soil-ammoniating bacteria, which could significantly
increase the content of soil ammonium nitrogen, was not easy to lose, and played a positive
role in the accumulation of herbage yield [43]. However, excessive nitrogen application
would promote water consumption, increase crop water consumption and lead to low WUE.
Excessive irrigation would inhibit plant root respiration, reduce the number and activity
of soil microorganisms and affect the soil respiration rate [49], resulting in slow growth
and even the death of plants. Furthermore, this study showed that although applying
60 kg·ha−1 of nitrogen could obtain the best PFPN, its yield and WUE were significantly
lower than applying 120 kg·ha−1 of nitrogen, which might be due to the poor soil in
the experimental area. Compared with water, the growth of Bromus inermis was more
susceptible to nitrogen limitation, and the yield increase in Bromus inermis was obvious
after a small amount of nitrogen application. However, if nitrogen were added further, the
yield increase would decrease slightly, decreasing the PFPN of Bromus inermis. Moreover,
too low nitrogen addition limited the positive effect of water compensation on the growth
and development of Bromus inermis, which needed to realize the synergistic effect of water
and nitrogen resources fully.
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5. Conclusions

The soil water and NO3
−–N content in the 0–40 cm soil layer were the most sensitive

to water-nitrogen regulation. Full irrigation (W0) and high nitrogen application (N3) could
easily cause the risk of soil water and nitrogen leaching in the 60–100 cm soil layer. The
plant height, chlorophyll content and yield (12,259.54 kg·ha−1) of Bromus inermis with
mild water deficit (W1, 65–85% θf) and moderate nitrogen application (N2, 120 kg·ha−1)
were the highest. In addition, the water-nitrogen use efficiency was high (120 kg·ha−1 and
171.52 kg·kg−1). Meanwhile, it could not only meet the water and nitrogen absorption of
Bromus inermis but also avoid water and nitrogen loss, which was an appropriate water and
nitrogen management mode for Bromus inermis production in the Hexi Corridor, Gansu
Province, China.
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