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ARTICLE INFO ABSTRACT

Handling Editor - B.E. Clothier In arid regions, supplemental irrigation and fertilization are the major driving factors for sustaining crop pro-
duction. With the increasing water scarcity, rising fertilizer costs, and growing environmental concerns, iden-
tifying appropriate irrigation and nitrogen (N) amounts for simultaneously improving resource use efficiency and
yield benefits is essential for sustainable crop production in arid regions. A two-year field study was conducted in
the arid region of Northwest China to evaluate the effects of reduced irrigation and N treatments, including
WgoF7s (600 mm irrigation and 225 kg N ha’l), WgoFs50 (600 mm irrigation and 150 kg N ha’l), WgoF75 (450 mm
irrigation and 225 kg N ha’l), and WeoFso (450 mm irrigation and 150 kg N ha™!) on resource use efficiency,
forage yield (DM), forage nutritive values, grain yield, and economic benefit of spring wheat in comparison with
the farmers’ management practice (W1goF100, 750 mm irrigation and 300 kg N ha™'). Results indicated that
moderately reduced irrigation and N (WgoFys) significantly improved the forage nutritive quality, evident by
high crude protein yield, relative feed value, digestible dry matter, dry matter intake, total digestible nutrients,
and net energy for lactation. No significant difference in DM yield was observed between W1ooF100 and WgoF7s
treatments during both years. However, the grain yield for WgoFy5 treatment was 12.9 % greater than that of
Wi100F100 in 2015. In addition, WgoFys treatment increased the resource use efficiency, net returns, and cost-befit
ratios by reducing the input amounts while maintaining comparable yields to that of W1ooF100. However, the
WgoFs0, WeoF7s, and WeoFsg treatments significantly decreased the DM, grain yield, nutritive values, resource
efficiency and economic benefits of spring wheat compared to WgoF7s. Therefore, the application of 600 mm
irrigation and 225 kg N ha! to spring wheat is an appropriate management practice for reducing inputs while
achieving high resource use efficiency, forage quality and economic benefits without compromising the yield of
spring wheat in the arid region of Northwest China.
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1. Introduction produce per unit of cultivated land (Teixeira et al., 2014). Wheat (Tri-

ticum aestivum L.) is one of the most widely grown staple food crops,

Global agricultural production is projected to be increased by more
than 70 % by 2050 to meet the increasing food, feed, and fiber demands
of the ever-growing world population (Kamran et al., 2018c; Teixeira
etal., 2014). With limited arable lands, this production increase needs to
be achieved through the intensification of crop productivity, i.e. more
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providing 20 % of the protein and 21 % of the food calories to over 4.5
billion people globally (Chen et al., 2018). Additionally, wheat dry
matter (straw) is a valuable feed resource for the pastoral-based live-
stock industry (Bliimmel et al., 2019). Northern China is an important
wheat production region, representing 25 % of China’s total farmland
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while providing 66 % of the wheat production (Zhang et al., 2020). In
recent years, the importance of wheat for its dual purpose (grain +
forage) has enormously increased with the development of the regional
livestock industry and rising food and feed demands (Hou et al., 2021;
Zhang et al., 2018). Due to scarce precipitation and soil degradation in
Northwest China, intensive agronomic practices are widely adopted by
farmers to boost grain yield (Si et al., 2020; Tang et al., 2018). However,
the effects of these practices on the forage yield and nutritive quality are
often overlooked. Therefore, appropriate irrigation and fertilization are
essential to ensure the competing demands of animal feed with high
nutritional quality while maintaining sustainable grain production from
limited arable land in the region.

The interaction and complementary effects of water and nitrogen (N)
are recognized as the primary factors that influence crop growth and
final yields (Jalil Sheshbahreh et al., 2019; Kaplan et al., 2019; Zhang
et al., 2020). Water facilitates N availability, which in turn, increases
water use efficiency (Wang et al., 2014). In China, agricultural practices
with over-reliance on irrigation and fertilization are widely adopted by
producers to boost crop production (Kamran et al., 2022; Si et al., 2020).
For instance, the average application of irrigation and N by wheat
farmers in Northwest China reaches 700 mm and 300 kg ha™?, respec-
tively (Chen et al., 2018; Lu et al., 2014; Wang et al., 2012, 2010).
Unfortunately, the N recovery efficiency of cereal crops is very poor
(about 20% or less), lower than the world average (33 %), resulting in
over 70% N losses to the environment (Cui et al., 2010; Zhang et al.,
2021). Few studies have suggested that these intensive agronomic
practices are untenable, both from economic and ecological benefit
perspectives (Si et al., 2020; Tan et al., 2017; Wang et al., 2012).
Furthermore, the increasing water scarcity and soil degradation in the
context of global climate change are increasingly threatening agricul-
ture productivity and sustainability, particularly in arid and semi-arid
regions (Ding et al.,, 2021; Gonzalez-Dugo et al., 2010; Kheir et al.,
2021), demanding rationalized irrigation and nutrient management.
Recent studies have proposed reduced irrigation and fertilizer amounts
to a certain level as an effective approach for sustaining crop production
in water-deficit regions (Hou et al., 2019; Ma et al., 2022; Si et al., 2020;
Zhang et al., 2020). However, water limitation influences plants’
response to fertilization and decreases plant nutrient acquisition by
constraining mineralization and N transport from bulk soil to the
rhizosphere in dry soil (Kunrath et al., 2018). Moreover, the climatic
conditions and agriculture systems are highly diverse in time and space,
and the concept of reduced irrigation and fertilization for a specific re-
gion may not be suitable for other regions. Hence, a site-specific
implementation strategy is needed to identify appropriate water and N
amounts for maintaining optimal yields, forage nutritive quality, and
economic benefits of spring wheat in the arid region of Northwest China,
where irrigation meets over 90% of crop water demands.

Greater biomass is the desired goal for forage producers (Lithourgidis
et al., 2006; Ronga et al., 2020), but high nutritional qualities are more
valuable for the profitability of forage production and the livestock
enterprises it supports (Zhang et al., 2018). Crude protein, fiber con-
tents, and relative feed value are the essential quality metrics used for
assessing forage nutritive values (Agnew et al., 2022). Among the field
management practices, irrigation and fertilization had the strongest
impact on nutritional composition (Islam et al., 2012; Kaplan et al.,
2019; Tang et al., 2018). Previous studies have reported a trade-off
between maximizing forage yield and quality attributes (Kamran
et al., 2022; Kaplan et al., 2019; Rostamza et al., 2011), requiring both
factors to be considered while adopting irrigation and N management
practices for maximizing the economic benefits. In addition, improving
crop water and fertilizer productivity is important in areas with deficit
water and poor soil nutrients (Kunrath et al., 2018; Teixeira et al., 2014).
Several studies have examined the effects of irrigation and/or N on the
resource use efficiencies of wheat based on the DM or grain yield (Lai
et al., 2022; Sharma et al., 2020; Si et al., 2020; Wang et al., 2016).
However, to our knowledge, no study has assessed crop water
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productivity (CWP) and N fertilizer productivity (NFP) for wheat
managed both for grain and forage purposes. Also, a comparable method
of calculating the CWP and NFP of forage crops using indices that
integrate forage nutritional quality and yield has not been previously
used. Thus, we applied a novel approach to calculate resource use effi-
ciencies based on yield and nutritional quality (e.g. crude protein and
forage value) to provide more valuable assessments of the treatments
used in the study.

Previous studies have mainly focused on irrigation and N fertilizer
management for increasing wheat grain yield. However, little is known
if grain and forage yield, forage nutritive quality, and resource efficiency
of wheat can simultaneously be improved with optimized irrigation and
N regimes in arid regions. We hypothesized that the current irrigation
and N management for spring wheat in the arid region of Northwest
China is excessive and not conducive to higher yield benefits. Instead,
optimizing irrigation and N amounts would be valuable in improving
resource use efficiency, nutritional quality indices, and economic ben-
efits. Therefore, the objectives of the present study were to investigate
the effects of different reduced irrigation and N regimes on grain yield,
biomass accumulation, forage nutritive indices, and to determine a
suitable management practice for optimum CWP, NFP, and net returns
for spring wheat in the arid regions of Northwest China. The results of
this study will provide new insights into the sustainable cultivation of
dual-purpose spring wheat in arid regions and would help in overcoming
the increasing food and feeds demands in the context of climate change.

2. Materials and methods
2.1. Experimental site location and climate data

Field trials were performed over two spring wheat growing seasons
(2015-2016) at the Research Station of Lanzhou University (38° 38'N,
103° 05'E) in the Minqin Oasis, Gansu Province, China. The site is an
irrigation-dependent oasis located in the Northwest inland area and has
a typically arid continental climate with cold winters and hot dry
summers. The average annual air temperature in the region is 7.8 °C, the
annual total sunshine duration is 3000 h, and frost-free period is about
170 days. The average annual precipitation is 110.7 mm, and the annual
evaporation reaches 2644 mm. The meteorological data for precipita-
tion, temperature, and solar radiation during the experimental periods
were obtained from the local meteorological station and presented in
Fig. 1.

The soil at the experimental site is sandy loam, classified as "Arid-
sols". Before the commencement of the experiment, soil (0-20 cm soil
profile) at the research site had 8.5 pH, 9.3 gkg™' organic matter,
38.7 mg kg ™! available nitrogen, 20.3 mg kg™ available phosphorus,
and 54.5 mg kg™! available potassium.

2.2. Crop management and experimental design

Seeds of spring wheat (Yongliang 4, a widely grown cultivar in the
region) were planted on 18th March 2015 and 20th March 2016 at a
seeding rate of 185 kg ha~! with row spacing of 20 cm. The experiment
comprised five different combinations of irrigation and N treatments. In
detail, the treatments included the farmers’ practice, i.e. WygoF100
(750 mm irrigation and 300 kg N ha™1), and four other reduced irriga-
tion and N treatments, including WgoF75 (600 mm irrigation and
225 kg N'ha™1), WgoFs0 (600 mm irrigation and 150 kg N ha™1), WsoF7s5
(450 mm irrigation and 225 kg N ha’l), and WgoF50 (450 mm irrigation
and 150 kg N ha™!). The Wgo and Weo represent 80% and 60% of the
total amount of border irrigation (W o), while F75 and Fsg indicate 75 %
and 50 % of the total N fertilizer (F10) applied by local farmers during
the spring wheat growing seasons, respectively. For each treatment,
irrigation water was applied in equal parts at the sowing (25 %), jointing
(25 %), heading (25 %) and grain-filling (25 %) stages. The irrigation
schedules were based on soil moisture depletion and water requirements
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Fig. 1. Daily minimum and maximum air temperature, rainfall, and solar radiation at the experimental site during spring wheat growing years (2015 and 2016).

at the critical crop growth stages. For each irrigation event, the amount
of water applied was manually determined and recorded by a water flow
meter. Urea (46 % N) as N source was applied in split doses before
irrigation events (60 % at first irrigation and 40 % at third irrigation).
Treatments were organized in a randomized complete block (RCB)
design with four replications. Each treatment plot was 10 m x 10 m
(100 m?) with a 1.5m buffer between adjacent plots. Field ridges
covered with impervious plastic membranes were built between adja-
cent plots to prevent lateral water and N movement. Recommended
phosphorus (120 kg P20s) and potassium (150 kg K0 ha™1) fertilizers
were uniformly applied across all the treatment plots. No herbicides
were applied in both crop growing seasons.

2.3. Sampling, measurements, and calculation

2.3.1. Measurement of forage biomass

Wheat plants were harvested from two separate randomly selected
areas (each 4 m?) within each replicated plot at tillering (TL), jointing
(JO), booting (BO), and grain-filling (GF) stages. Plants were hand-cut at
ground level with manual shears, and fresh forage biomass was deter-
mined immediately with an electric scale. Subsequently, the samples
were oven-dried at 65 °C until constant weight to estimate the dry
matter yield (DM). The final DM yield was determined at harvesting.

2.3.2. Measurement of forage nutritive values

For the determination of forage nutritive values, oven-dried plant
samples were crushed into fine powder, passed through a 1-mm mesh
screen, and prepared for chemical analysis. The concentration of crude
protein (CP %) was estimated by determining N content using the
standard Kjeldahl method (Zhang et al., 2018). The concentration of
acid detergent fiber (ADF %) and neutral detergent fiber (NDF %) was
determined following the methods of Van Soest et al. (1991).

Digestible dry matter (DDM %), total digestible nutrients (TDN %),
dry matter intake (DMI %), relative feed value (RFV), and net energy for
lactation (NEp) were estimated following the equations adopted from
Lithourgidis et al. (2006). At harvest, these data were converted for the
whole plant on DM basis. The equations used for calculation were as

follows:

DDM = 88.9 — 0.779 x ADF (% DM) (€))
DMI = 120/NDF (% DM) @
TDN = (- 1.291 x ADF) + 101.35 3)
RFV = DMD x DMI/1.29 4
NEL = (1.004 - 0.0119 x ADF) x 2.205 (5)

To accurately assess the relative nutrition values of the total dry
biomass obtained at the final harvest for different treatments, the CP and
RFV yield were calculated (Zhang et al., 2018).

CP yield (kg ha™') = DM yield (kg ha™!) x CP (g g ") (6)

RFV yield (kg ha™!) = DM yield (kg ha™) x RFV (g g 7)

2.3.3. Determination of grain yield

The wheat crop was harvested manually at physiological maturity
from a 16 m? area (4 x 4 m) at two random locations in each plot. After
threshing the spikes by hand, the grain samples were cleaned and sun-
dried, and grain yield was determined at 14% moisture content.

2.3.4. Calculation of crop water productivity
Crop water productivity (CWP) was calculated based on the total
wheat yield, CP yield, and RFV (Zhang et al., 2018):

total wheat yield

(> )=
CWhyiaa (kg mm™") total water applied ®
_ CP yield
CWP. k, = 9
cr ( & mm ) total water applied ©
RFV  yield
CWPyy (kg mm™") = Ne (10)

total water applied
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2.3.5. Calculation of nitrogen fertilizer productivity
Nitrogen fertilizer productivity (NFP) for total wheat yield, CP yield,
and RFV were calculated using the formulas (Li et al., 2017):

total wheat yield

NFPyaq (kg kg™') = H
v (kg kg™') N application rate a
B CP yield
NFP, kg kg = ————— 12
cr (kg kg) N application rate (12
B RFV  yield
NFPwy (kg k') = Y (13)

N application rate

2.3.6. Calculation of economic benefits

The net returns for each treatment were determined by subtracting
the total input from the total output, while the benefit-cost ratios were
determined by dividing net returns by total input (Zhang et al., 2020).

Net returns = total output — total input 14
Benefit-cost ratio = net returns/total input (15)

The total input costs include materials costs (seeds, irrigation water,
fertilizers, and pesticide costs), labor costs (field preparation, ridges and
furrows construction, sowing, fertilizer application, irrigating, weeding,
harvesting), and machinery costs (mainly irrigation system). The total
output was calculated using the total wheat yield (straw + grain, kg
ha™') and their per unit yearly average market price (RMB kg™1).
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2.4. Statistical analysis

Data presented in tables and figures are the mean of four replicates
(n = 4). The ANOVA (analysis of variance) for the two-year data of grain
yield, dry matter yield, forage nutritive values, resource use efficiencies,
and net benefit returns was performed with the SPSS 20.0 software
package (IBM Corp., USA). Years and combined irrigation and nitrogen
treatments were treated as fixed effects, while replication was consid-
ered a random effect in a factorial design. Multiple comparisons of mean
values were performed using Tukey’s significant difference test at
P < 0.05. Pearson’s correlation and principal component analysis (PCA)
were performed by using Origin 2022 (Origin Lab Corp., USA) to iden-
tify the relationship and interactions of measured variables.
Figures were generated using Origin 2022 and Microsoft Excel 2010
(Microsoft Corp., USA).

3. Results
3.1. Forage fresh biomass production and dry matter yield

Fresh biomass of spring wheat was significantly (P < 0.05) affected
by different irrigation and N treatments during 2015 and 2016 (Fig. 2a-
b). The forage biomass followed a gradually increasing trend with the
progression of the crop growth period and reached peak values
(12.58-18.41 t ha™!) at the BO stage (Fig. 2a-b). Thereafter, the forage
biomass declined at the GF stage (7.85-13.60 t ha™*), owing to the onset

— WIOOFIOO | — W80F7 s [ —| WSOF 50 Fig. 2. Effects of irrigation and nitrogen treat-
ments on fresh forage biomass at different
B Wy F,s T3 Wyl growth stages of spring wheat in 2015 (a) and
25 2016 (b). Data are presented as the mean of
four replicates + SD (n = 4). Vertical bars with
—~ a different letters at each stage indicate signifi-
‘m 20 F a g cant differences among treatment means based
= = b on Tukey’s significant difference test at
—
~ . b P < 0.05. WipoF190 (750 mm irrigation and
% 15 k = | a 300 kg N ha™1), WgoF75 (600 mm irrigation and
= ab I b 225 kg N ha™1), WgoFs0 (600 mm irrigation and
S a a =1 | & b 150 kg N ha™1), WeoFys5 (450 mm irrigation and
e} 10 L b b C 225 kg N ha™'), and WeoFso (450 mm irrigation
g)o Y and 150 kg N ha™!). TL: tillering stage; JO:
s jointing stage; BO: booting stage; and GF: grain-
Lg 51 filling stage.
a aab b
o LCIEmmm
25
b
=20 |
2 a a
< s FE b
" L
7] = C a
g a —E _I_ ab
3 ab b b
510 t c . ¢
9]
bD d
<
5 5 |
89
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n bbb
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of leaf senesces. At each sampling stage, greater biomass was achieved
with WyooF100 and WgoFys during both years. The difference between
WigoF100 and WggF75 treatments was non-significant at various sam-
pling stages (except for the TL stage in 2016) (Fig. 2a-b). However, too
much decrease in irrigation and N amounts resulted in a linear decline in
biomass, and the lowest biomass was achieved for WggF75 and WegFs0
treatments.

Results showed significant effects of the year, treatments, and their
interaction on the dry matter (DM) yield of spring wheat (Fig. 3a). The
average DM yield of all treatments was greater by 9.4 % in 2015
compared to that in 2016. The DM yield achieved for different treat-
ments ranged from 4.1 to 7.2 t ha™ in 2015 and from 3.6 to 6.9 t ha™* in
2016 (Fig. 3a). Statistically, no significant difference in DM was evident
between W1goF100 (7.0 and 6.9 t ha ™) and WgoFys (7.2 and 6.7 t ha™)
treatments in 2015 and 2016. Except for Wg(Fy5, the DM of spring wheat
was markedly decreased with other reduced irrigation and N treatments
in both crop growing seasons (Fig. 3a). Compared to W1oF1¢, the DM
yield for WggFs0, WeoF7s, and WgoFsg treatments were decreased by 18.2
%, 22.9 %, and 41.6 % in 2015 and 21.4 %, 38.2 %, and 48.9 % in 2016,
respectively.

Agricultural Water Management 275 (2023) 108000
3.2. Grain yield as affected by reduced irrigation and N treatments

Different irrigation and N treatments significantly influenced the
wheat grain yield in both crop growing seasons. No significant differ-
ence in grain yield was evident between 2015 and 2016. Interestingly,
the highest grain yield was achieved with WgoF75 (7.3 and 6.8 t ha‘l),
which was greater by 14.1 % and 7.9 % compared to W1goF100 (6.4 and
6.3t ha™)) in 2015 and 2016, respectively (Fig. 3b). However, exces-
sively reduced irrigation and N treatments showed detrimental effects
on grain yield. The WgoFs0, WeoF75, and WeoFsg treatments resulted in
grain yields of 5.4, 4.2, and 4.0 thalin2015and5.4,4.7, and 3.9 tha™*
in 2016 (Fig. 3b). In comparison, the grain yield for WgoFso, WeoF7s, and
WeoFs0 treatments was decreased by 15.6 %, 34.4 %, and 37.5 % in 2015
and by 14.3 %, 25.4 %, and 38.1 % in 2016 compared to that of
Wi100F100, respectively.

3.3. Crude protein as affected by reduced irrigation and N treatments

The dynamic of crude protein (CP) concentration at various stages
during the spring wheat growing period with different treatments are
presented in Fig. 4. Initially, the CP followed an increasing trend from TL
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Fig. 3. Effects of different irrigation and nitrogen treatments on dry matter (forage) and grain yield of spring wheat in 2015 and 2016. Data are presented as the
mean of four replicates + SD (n = 4). Vertical bars with different letters indicate significant differences among treatment means based on Tukey’s significant dif-
ference test at P < 0.05. Abbreviations for treatment names are similar to those described in Fig. 2.
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Fig. 4. Effects of different irrigation and nitrogen treatments on crude protein concentration at different growth stages of spring wheat in 2015 (a) and 2016 (b). Data
are presented as the mean of four replicates + SD (n = 4). Vertical bars with different letters at each stage indicate significant differences among treatment means
based on Tukey’s significant difference test at P < 0.05. Abbreviations for treatment names are similar to those described in Fig. 2.

to JO stage and then gradually decreased until GF stage. In general, CP
concentration exhibited a similar trend in both wheat growing seasons
and tended to increase with a moderate decrease in irrigation and N
(WgoF75) but markedly decreased with severely reduced irrigation and N

Table 1

rates as compared to the conventional full application during the whole
crop growing period (Fig. 4a-b).

The CP yield for the total DM at harvesting was significantly (P <
0.01) affected by irrigation and N treatments, but the effect of the year

Analysis of forage nutritional quality indices including crude protein (CP), relative feed value (RFV), acid detergent fiber (ADF), neutral detergent fiber (NDF),
digestible dry matter (DDM), dry matter intake (DMI), total digestible nutrients (TDN), and net energy for lactation (NE;) of the wheat dry matter at harvest with
different irrigation and nitrogen treatments in 2015 and 2016.

Year Treatments CP yield (kg ha™) RFV yield (t ha™) ADF (g kg ™) NDF (g kg™) DDM (g kg™) DMI (g kg ™) TDN (g kg™") NEL (%)

2015 WiooF100 749.3a 10.16b 330.2a 465.5a 631.8d 25.8e 587.2d 1.44d
WaoF7s 746.2a 14.10a 210.6d 326.6e 724.9a 36.8a 741.6a 1.75a
WioFso 493.1b 10.71b 225.6d 346.1d 713.3a 34.7b 722.3a 1.71a
WeoF7s 388.1c 8.52¢ 256.6¢ 398.9¢ 689.1b 30.1c 682.2b 1.63b
WieoFso 243.1d 5.34d 274.8b 442.6b 675.0c 27.1d 658.8¢ 1.58¢

2016 Wio0F100 687.0b 10.27b 294.4a 500.5a 659.6¢ 24.0e 633.4c 1.53c
WigoF7s 755.6a 12.94a 211.5¢ 373.1e 724.2a 32.2a 740.4a 1.75a
WioFso 547.5¢ 9.35¢ 204.7¢ 407.7d 729.5a 29.4b 749.2a 1.76a
WeoF7s 354.3d 7.36d 263.5b 429.1c 683.7b 28.0c 673.3b 1.61b
WeoFso 272.4e 5.27e 290.6a 475.5b 662.6¢ 25.2d 638.3c 1.54c

Treatments (T) * x * % % % * % * % * % * % % %

Year (Y) NS o *

TxY NS o o *x

Data are presented as the mean of four replicates (n = 4). Means followed by different small letters within a column indicate significant differences based on Tukey’s
significant difference test (P < 0.05). * and * * indicates significant difference at P < 0.05 and P < 0.01, while NS indicate non-significant differences (P > 0.05).
Abbreviations for treatment names are similar to those described in Fig. 2
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and its interaction with treatment (T x Y) was non-significant (P > 0.05)
(Table 1). The CP yield ranged from 243.1 to 749.3 kg ha™! in 2015 and
from 272.4 to 755.6 kg ha™! in 2016 for different treatments (Table 1).
Among all the treatments, the highest CP yield was achieved for the
WgoF7s5 (746.2 and 755.6 kg ha™), followed by WigoF100 (749.3 and
687.0 kg ha™1). Whereas the lowest CP yield was obtained for WgoFs50
(243.1 and 272.4 kg ha™) and WeoF75 (388.1 and 354.3 kg ha™!) treat-
ments in 2015 and 2016, respectively (Table 1). The CP yield for the
WgoF75 treatment was similar to that of WigoF190 in 2015 but was
greater by 10.0% in 2016. On the other hand, the CP yield of Wg(Fs(,
WeoF75, and WeoFso treatments was decreased by 34.2 %, 48.2 %, and
67.6 % in 2015 and by 20.3 %, 48.4 %, and 60.3 % in 2016 when
compared to WyggF1¢p treatment, respectively.

3.4. Relative feed value as affected by irrigation and N treatments

During both spring wheat growing seasons, the relative feed value
(RFV) gradually decreased with the advancement of the crop growth
period. The RFV values ranged from 327.8 % to 383.9 % at TL stage,
206.5-314.3 % at JO stage, 146.8-213.11 at BO stage, and 122.6-206.5
at GF stage in 2015 and 2016 (Fig. 5a-b). At each stage, there were
significant differences in RFV values among treatments. Remarkably,
the RFV values were increased by reducing the irrigation and N rates
when compared to conventional full application management. At most
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of the sampling stages, the RFV was greater for WgoF75, WgoFs0, and
WgoF7s treatments, while the values were lower for the WigoF100
treatment (Fig. 5a-b).

The treatments, year and their interaction significantly affected the
total RFV yield at harvesting (Table 1). Among the various treatments,
the highest RFV yield was achieved for WgF75 (14.10 and 12.94 t ha™).
The RFV yield for the Wg(F75 treatment was greater by 38.8 % and 26.0
% compared to the conventional W1goF100 treatment in 2015 and 2016,
respectively. Except for WgoF7s, other reduced irrigation and N treat-
ments significantly decreased the RFV yield compared to WygoF100 in
both years (Table 1). In comparison, the RFV yield for the W¢oF75 and
WeoFso treatments decreased by 16.1 % and 47.4 % in 2015, while it
decreased by 28.3 % and 48.7 % in 2016 compared to that of W10oF100,
respectively.

3.5. Fiber contents as affected by reduced irrigation and N treatments

Based on the different effects of treatments on the shoot fiber, the
accumulation of acid detergent fiber (ADF) and neutral detergent fiber
(NDF) of spring wheat was assessed at various growth stages (Figs. 6-7).
The concentration of ADF and NDF progressively increased following
the crop growth period, and the maximum values were observed at GF
stage. During the wheat growing seasons, the concentration of ADF and
NDF ranged from 10.0 % to 14.8 % and 19.6-25.3 % at TL stage,
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Fig. 5. Effects of different irrigation and nitrogen treatments on relative feed value (RFV) at different growth stages of spring wheat in 2015 (a) and 2016 (b). Data
are presented as the mean of four replicates + SD (n = 4). Vertical bars with different letters at each stage indicate significant differences among treatment means
based on Tukey’s significant difference test at P < 0.05. Abbreviations for treatment names are similar to those described in Fig. 2.
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Fig. 6. Effects of different irrigation and nitrogen treatments on neutral detergent fiber concentration at different growth stages of spring wheat in 2015 (a) and 2016
(b). Data are presented as the mean of four replicates + SD (n = 4). Vertical bars with different letters at each stage indicate significant differences among treatment
means based on Tukey’s significant difference test at P < 0.05. Abbreviations for treatment names are similar to those described in Fig. 2.

11.1-21.4 % and 22.6-31.0 % at JO stage, 17.2-27.2 % and 29.5-42.9 %
at BO stage, and 21.1-33.0 % and 32.6-50.1 % at GF stage (Figs. 6-7). At
each sampling stage, the ADF and NDF concentrations were greater for
Wi00F100 treatment.

At harvesting, the ADF and NDF content per unit DM of wheat was
significantly affected by year, treatments, and their interaction
(Table 1). The WjgoF19p resulted in the highest ADF (330.2 and
294.4 g kg'™!) and NDF (465.5 and 500.5 g kg™') contents in 2015 and
2016, respectively (Table 1). Initially, the ADF and NDF contents fol-
lowed a decreasing trend with moderately reduced irrigation and N but
increased again with the excessive reduction of irrigation and N. The
lowest ADF and NDF contents were achieved for the WgoF75 and WgoFso
treatments (Table 1). Compared to W1goF100, the ADF content of WggF75
treatment was lowered by 36.2 % and 28.2 % and NDF content by 29.8
% and 25.5 %, while the ADF contents of the WgoFs( treatments was
decreased by 31.7 % and 30.5 % and NDF by 25.6 % and 18.5 % in 2015
and 2016, respectively. The ADF and NDF contents for WgoFso were
comparable to that of WiggFqg in both years (Table 1).

3.6. Digestible dry matter, dry matter intake, total digestible nutrients,
and net energy for lactation

When analyzed at harvest, the digestible dry matter (DDM), dry
matter intake (DMI), total digestible nutrients (TDN), and net energy for
lactation (NE;) were significantly affected by year, treatments, and their
interaction (Table 1). Initially, the DDM, DMI, TDN, and NE|, increased
with reducing irrigation and N amounts, and the highest values were
observed for WgoF75 and WgoFsq treatments in both years (Table 1). In
comparisons, the DDM, DMI, TDN and NEj of WgoF75 treatment were
greater by 14.7 % and 9.8 %, 42.6 % and 34.2 %, 26.3 % and 16.9 %,
21.5 % and 14.4 %, while that of WgoFs5o was greater by 12.9 % and 10.6
%, 34.5 % and 22.5 %, 23.0 % and 18.3 %, 18.8 % and 15.0 % compared
to that of WigoF199 in 2015 and 2016, respectively. In addition, the
WeoF75 and WeoFs50 treatments markedly reduced the DDM, DMI, TDN,
and NEj, compared to the WgoF75 treatment; however, the values were
still higher than that for the WyoF1qg treatment (Table 1).

3.7. Crop water productivity and nitrogen fertilizer productivity

The crop water productivity of wheat based on the total yield
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Fig. 7. Effects of different irrigation and nitrogen treatments on acid detergent fiber concentration at different growth stages of spring wheat in 2015 (a) and 2016
(b). Data are presented as the mean of four replicates + SD (n = 4). Vertical bars with different letters at each stage indicate significant differences among treatment
means based on Tukey’s significant difference test at P < 0.05. Abbreviations for treatment names are similar to those described in Fig. 2.

production (CWPy;e1q), CP yield (CWPcp), and RFV yield (CWPgpy) was
strongly influenced by treatments. The highest values were obtained for
the WgoF75 treatment in both years (Fig. 8). Compared to WiggF1g9, the
CWPyje1q for WgoF7s treatment was increased by 28.3 % and 23.33 %,
CWP¢p by 22.8 % and 36.8 %, and CWPgpy by 70.3 % and 55.7 % in
2015 and 2016, respectively. However, the WgoF50 and WgoFy5 treat-
ments markedly declined the CWPy;e;q and CWPgpy compared to WgoF7s,
but the values were still higher than that for the WgoF10 treatment in
both years (Fig. 8). No significant difference in CWPy;elq was observed
between the W1goF100 and WeoF50 treatments. However, the CWPcp and
CWPgpy for WeoFs5o treatment were significantly lower than that for
Wio0F100 (Fig. 8).

The fertilizer productivity for total yield (NFPyjelq), CP content
(NFPcp), and RFV (NFPggpy) was also significantly affected by irrigation
and N treatments and year (except for NFPcp). The interaction of year
and treatments was significant only for NFPgpy (Fig. 9). Initially,
reducing the irrigation and N application amounts increased the NFP,
and the highest values were achieved for WgoFs0, followed by WgoF75
treatment during both years (Fig. 9). Compared to WigoFig0, the
NFPyie1d, NFPcp, and NFPggy for WgoFs treatment was increased by 64.0

% and 62.7 %, 31.6 % and 59.4 %, 110.8 % and 82.2 %, while that for
WgoF75 treatment was increased by 39.5 % and 33.1 %, 32.8 % and 46.7
%, 85.1 % and 68.0 % in 2015 and 2016, respectively. However, the
WeoF75 and WeoFso treatments decreased the NFPyielq, NFPcp, and
NFPgpy compared to WgoF75 and WgoFsg treatments, and the values were
comparable to that of WigF199 during both years (Fig. 9).

3.8. Economic benefits with reduced irrigation and N treatments

The net returns ranged from 7148 — 16417 RMB ha ! in 2015 and
6324 — 15019 RMB ha~! in 2016 (Table 2). Among the various treat-
ments, the highest net returns were achieved for WgFy5 (16417 RMB
ha™') in 2015, which was greater by 11.1% compared to WigoF100
(14776 RMB ha™1). However, no significant difference in net returns
was manifested between WggF75 (15019 RMB ha™!) and Wio00F100
(14726 RMB ha™!) in 2016. On the other hand, WgoFso, WeoF7s, and
WeoFs0 treatments markedly reduced the net returns of spring wheat in
both years (Table 2). Compared to W1goF100, the net returns for WggFs,
WeoF7s, WeoFs0 treatments were decreased by 20.6 %, 38.5 %, and 51.6
% in 2015, and 22.9 %, 42.4 %, and 57.1 % in 2016, respectively.
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Fig. 8. Effects of different irrigation and nitrogen treatments on crop water productivity (CWP) of spring wheat in 2015 and 2016. Data are presented as the mean of
four replicates & SD (n = 4). Vertical bars with different letters indicate significant differences among treatment means based on Tukey’s significant difference test at
P < 0.05. Abbreviations for treatment names are similar to those described in Fig. 2.

The benefit-cost ratio among different treatments ranged from
1.29 — 2.73 in 2015 and 1.14 — 2.50 in 2016, respectively (Table 2).
The highest benefit-cost ratio of 2.73 and 2.50 was achieved for WgoF7s,
which was greater by 19.7 % and 10.1 % than WigoF10 treatment in
2015 and 2016, respectively. Too much reduction in irrigation and N
application steadily declined the benefit-cost ratio of spring wheat, and
the lowest ratios were achieved for WgoF75 (1.56 and 1.46) and WegFsg
(1.29 and 1.14) treatments (Table 2). Compared to W1goF100, the cost-
benefit ratios for WggFs50, WgoF75, and WegF5( treatments was lowered
by 10.5 %, 31.6 %, and 43.4 % in 2015 and by 12.8 %, 35.7 %, and 49.8
% in 2016, respectively.
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3.9. Correlation and principal component analysis

The Pearson correlation analysis revealed significant positive cor-
relations of resource use efficiency indices (CWPy;e1q, CWPcp, CWPgry,
NFPcp, and NFPggy) with yield, crude protein content, and RFV of spring
wheat but negative relations with ADF and NDF content (Fig. 10a). The
net returns followed a strong positive relationship with crude protein,
RFV, resource use efficiency, grain and forage yields while presenting a
negative relationship with ADF and NDF contents. In addition, the
correlation analysis indicated a significant positive relationship between
crude protein and RFV with forage yield, while negative correlations of
ADF and NDF with forage yield (Fig. 10a).
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Fig. 9. Effect of different irrigation and nitrogen treatments on nitrogen fertilizer productivity (NFP) of spring wheat in 2015 and 2016. Data are presented as the
mean of four replicates + SD (n = 4). Vertical bars with different letters indicate significant differences among treatment means based on Tukey’s significant dif-
ference test at P < 0.05. Abbreviations for treatment names are similar to those described in Fig. 2.

In addition, the PCA ordination plot was prepared to present the
concerted information on the resource use efficiency, forage yield and
quality traits, and net returns in relation to irrigation and nitrogen
treatments (Fig. 10b). The first two principal components (PCs)
explained 85.9 % of the total variance (being 63.9 % in PC1 and 22.0 %
in PC2). The plot showed clear segregation of the variables and treat-
ments into different groups (quadrants). The upper left quadrant of the
negative side of PC1 (Q1) included the conventional W1goF10o treatment
that delivered high ADF and NDF contents (Fig. 10b). A second group
clustered on the positive side of PC1 (Q2) included Wg(Fy5 treatment
representing higher grain yield, crop water productivity (CWPyield,
CWPcp, and CWPggy) along with premium forage quality (high CP and
RFV) of spring wheat. The lower left quadrant (Q3) depicted the
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treatments (WgoF75 and WgoFs0) of the lowest yield, forage quality traits,
and resource use efficiency (Fig. 10b). Finally, WgoFs5¢ treatments in Q4
had the highest DMI, NE;, and nitrogen fertilizer productivity (NFPy;elq,
NFPCP, and NFPRFv).

4. Discussion
4.1. Response of wheat yield to reduced irrigation and N treatments

The agroecosystems in arid regions are highly vulnerable due to
limited available water and soil nutrient resources (Kheir et al., 2022; Li

et al., 2022; Wang et al., 2018). Supplemental irrigation and N fertil-
ization are key solutions to sustaining plant growth and improving the
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Analysis of economic benefit for the spring wheat with different irrigation and nitrogen treatments in 2015 and 2016.

Year Treatments Input costs (RMB ha™) Output (RMB ha™) Net returns (RMB ha™) Benefit-cost ratio
Seed Fertilizer Irrigation Other costs* Total cost
2015 Wi00F100 1036 1998 1000 2450 6484 21260b 14776b 2.28b
WgoF7s 1036 1728 800 2450 6014 22431a 16417a 2.73a
WsoFs0 1036 1458 800 2450 5744 17480c 11736¢ 2.04c
WeoF7s5 1036 1728 600 2450 5814 14904d 9090d 1.56d
WeoFs0 1036 1458 600 2450 5544 12692e 7148e 1.29
2016 WigoF100 1036 1998 1000 2450 6484 21210a 14726a 2.27b
WgoF7s5 1036 1728 800 2450 6014 21033a 15019a 2.50a
WagoFs0 1036 1458 800 2450 5744 17095b 11351b 1.98¢
WeoF7s 1036 1728 600 2450 5814 14291c 8477¢ 1.46d
WeoFs0 1036 1458 600 2450 5544 11868d 6324d 1.14e

*Other costs included the cost associated with field plots, sowing, fertilizer application, irrigation application, pesticides, herbicide, and harvest at maturity. Ab-

breviations for treatment names are similar to those described in Fig. 2.
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Fig. 10. Correlation analysis for yield, net returns, forage nutritive value, and resource use efficiency indices of spring wheat (a). * and * *represent the significant
differences at P < 0.05 and P < 0.01, respectively. The biplot graph from the principal component analysis (PCA) shows the relationship between measured variables
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lactation; CWP, crop water productivity; and NFP, nitrogen fertilizer productivity. Abbreviations for treatment names are similar to those described in Fig. 2.

yield stability of crops (Chen et al., 2018; Gonzalez-Dugo et al., 2010;
Ma et al., 2022). An adequate N supply is essential for utilizing the
benefits of additional water, and reciprocally, an adequate water supply
is required to utilize the benefits of N fertilizers (Kunrath et al., 2018;
Wang et al., 2015). In general, reducing irrigation and/or N levels are
believed to decrease crop yield (Jiang et al., 2013; Zhong et al., 2021).
However, a moderate decrease in irrigation and N (WgoF7s) in the pre-
sent study did not show any detrimental effects on DM and grain yield of
spring wheat. These results partly support our hypothesis that the
farmers’ practiced irrigation and N application in the arid region of
northwest China are excessive, and a rational decrease would not limit
the crop water and nutrient demands required for optimal growth and
productivity of spring wheat. Consistent with these results, previous
studies have shown that appropriate irrigation and N amounts in
water-deficit arid regions were more beneficial than their excessive
applications (Li et al., 2022; Si et al., 2020; Yang et al., 2017; Zhang
et al., 2006). A higher grain yield with WgoFy5 treatment is endorsed to
the synergistic effects of optimum water and N on carbon assimilation
and grain-filling efficiency (Guo et al., 2014; Si et al., 2020; Wang et al.,
2014). Previously, Teixeira et al. (2014) and Wang et al. (2015) reported
that rational irrigation and fertilizer ensure optimal resource acquisition
and improve photosynthetic and carboxylation efficiency, resulting in
greater crop yields. In addition, both DM and grain yield were markedly
decreased with severe deficit irrigation and N treatments (WgoFy5 and
WeoFs0). This is because of an increase in the osmotic pressure of the
rhizosphere, which causes plants to acquire more energy for maintaining
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cell water contents, decreasing the plant’s ability to transpire and absorb
nutrients (Gonzalez-Dugo et al., 2010; Jalil Sheshbahreh et al., 2019).
Moreover, dry soil limits the mineralization and transport of N from bulk
soil to the rhizosphere, which reduces N availability to plants (Kunrath
et al., 2018). Nitrogen limitation, on the other hand, reduces leaf and
stem expansion (Islam et al., 2012; Si et al., 2020; Teixeira et al., 2014)
and resource capture (radiation interception and N uptake), accelerates
the onset of senescence and chlorophyll degradation (Kamran et al.,
2020; Kaplan et al., 2019; Wang et al., 2013), which causes a reduction
in assimilates and the grain sink capacity (Cakir, 2004; Srivastava et al.,
2018; Wang et al., 2014). Also, the irrigation and N limitations exac-
erbate premature kernel abortion (Cakir, 2004; Gao et al., 2017), which
could be another possible reason for lower grain yield with WgoF75 and
WeoFs50 treatments.

4.2. Impacts of reduced irrigation and N treatments on the nutritive
quality

In this study, crude protein contents and RFV decreased while NDF
and ADF contents increased with the advancement of the spring wheat
growing period. Such trends are distinctive in crops, ascribed to a
decrease in leaf area with the onset of leaf senescence (Kamran et al.,
2020; Liu et al., 2021; Ronga et al., 2020) and an increase in stem ri-
gidity owing to greater accumulation of fiber contents (Kamran et al.,
2018a, 2018b; Zhang et al., 2018), leading to a reduction of nutritive
quality. Among treatments, WgoF75 markedly improved the nutritive
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quality, evidenced by greater crude protein and RFV yield and lower
ADF and NDF content compared to that of W1goF1o treatment. Consis-
tently, previous studies have also reported high forage quality of
different crops with optimized irrigation and fertilization than in
well-irrigated and high-fertilized conditions (Kaplan et al., 2019; Ma
etal., 2022; Rostamza et al., 2011). Previously, Kamran et al. (2022) and
Marsalis et al. (2010) showed a negative correlation between forage
quality with irrigation and N fertilizer rates. Excessive irrigation and
fertilization often result in lower forage quality because of their inter-
active effects strengthening the cell wall component and fiber contents
(Kaplan et al., 2019), which was also confirmed by greater NDF and ADF
contents in our present study. Islam et al. (2012) reported high NDF and
ADF ratios and low protein in stalks compared to leaves. Since high
irrigation and fertilization levels increase the stem ratios, thereby
regulating the fiber concentration (Kaplan et al., 2019; Rostamza et al.,
2011). On the other hand, appropriate irrigation and N maintain a high
leaf-to-stem ratio and delay maturity, contributing to high crude protein
yield and forage quality (Liu et al., 2021; Rostamza et al., 2011).
Furthermore, N being an essential element is crucial for the synthesis of
chlorophyll, enzymes, and proteins, which regulate almost all metabolic
activities of plants (Islam et al., 2012). Therefore, adequate water and N
with WgoF7s treatment will increase plant N uptake, thereby enhancing
the synthesis of amino acid and protein contents, which is in close
agreement with findings from previous studies (Kaplan et al., 2019;
Tang et al., 2018). In addition, quality traits such as DDM, DMI, TDN,
and NEj, are highly desirable because of their advantages in boosting
animals’ ability to absorb the forage nutrients (Lithourgidis et al., 2006;
Tang et al., 2018). Compared to both conventional and severe deficit
irrigation and N treatments, the WgoF75 treatment noticeably improved
all of the above-mentioned quality components, attributed to the posi-
tive effects of WgoFy5 on lowering the undesirable NDF and ADF con-
tents. The crude protein, TDN, and NE|, for wheat in the present study
were comparable to previously reported values for corn (Marsalis et al.,
2010), pearl millet (Rostamza et al., 2011), and sorghum (Jahanzad
etal., 2013; Tang et al., 2018), supporting the importance of DM (straw)
yield of spring wheat as a potential feed source for livestock
development.

4.3. Impacts of reduced irrigation and N treatments on resource use
efficiency

In recent years, studies are increasingly focusing on maintaining the
best resource use efficiency and economic productivity with lower in-
puts to ensure sustainable productivity in arid regions (Fang and Su,
2019; Kheir et al., 2022; Li et al., 2022; Zhang et al., 2006). In the
present study, the CWPy;elq and NFPy;e1q were greater for the WgoF7s
treatment compared to other treatments. This implies that appropriate
irrigation and fertilization simultaneously improve the effectiveness of
water and nutrition, and such complementary effects could be referred
to as synergistic functions (Wang et al., 2016). Because matching fer-
tilizer with irrigation amount improves the crop nutrients absorption
and utilization, effectively improving productivity and resource use ef-
ficiency (Dai et al., 2019; Jalil Sheshbahreh et al., 2019). Similar results
were achieved by Rostamza et al. (2011), Zhang et al., 2020, and Li et al.
(2022), who observed that instead of excessive applications, irrigation
and N based on crop demand contributed to enhanced resource use ef-
ficiencies. In justification, adequate irrigation and N levels increase leaf
area index, which enhances light and CO5 capture and regulates pho-
toassimilates distribution in the plant’s above ground parts, translating
into higher resource use efficiency (Fang and Su, 2019; Kaplan et al.,
2019; Kunrath et al., 2018; Ma et al., 2022; Wang et al., 2016). Since the
DM and grain yields in our study were comparable for both W100F100
and WgoF75 treatments, a greater CWPyjelq and NFPy;e1q obtained for the
WgoF75 treatment is attributed to the lower degree of water and N rates
applied. On the other hand, the irrigation and N amounts for WgoF75 and
WioFso treatments were further reduced, but the CWPy;elq and NFPy;e1q
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were significantly lower than that for Wg(F75 treatment. This is because
the WeoF75 and WeoF5g treatments failed to maintain yield benefit, and
the DM and grain yield significantly declined compared to the WggFy5
treatment. Extremely deficit irrigation and N application are linked to
poor biomass accumulation and yields by limiting resource capture
(Teixeira et al., 2014), adversely affecting photosynthetic capacity
(Wang et al., 2010, 2015), reducing carbon assimilation and grain-filling
characteristics (Wang et al., 2014, 2013), which consequently decrease
the resource use efficiencies. Besides, the previously reported values for
crop water productivity (Chen et al., 2018; Lai et al., 2022; Wang et al.,
2016; Zhang et al., 2006) and N fertilizer productivity (Chen et al., 2018;
Si et al., 2020; Tan et al., 2017) for wheat in north China were lower
than those observed in our present study. In explanation, previous
studies used wheat solely for grain purpose, while we used wheat for
dual purpose and have considered both grain and DM yield for calcu-
lating the crop water and fertilizer productivity factor.

Additionally, water and fertilizer productivity based on the nutritive
attributes can be used as an important criterion for assessing the efficacy
of different agronomic managements in forage crops (Zhang et al.,
2018). Our results showed that moderately reduced irrigation and N
treatments enhanced the CWPcp, CWPRgy, NFP¢p, and NFPggy of wheat
DM yield over that of conventional management. The highest CWPcp
and CWPggy values were achieved for the WgoF75 treatment, while the
greatest NFPcp and NFPgpy values were achieved for WgoFso and WgoF75
treatments in both years. The higher values with WgoF59 and WggFys5
treatments are attributed to a greater leaf-to-stem ratio and delayed crop
maturity with appropriate irrigation and N application (Islam et al.,
2012; Rostamza et al., 2011; Tang et al., 2018), which improved the
forage nutritive quality and hence, the CWP and NFP for crude protein
and RFV. The CWP and NFP for crude protein ranged from 0.47 to
1.19 kg mm ™! and 1.57-3.65 kg kg, while that for RFV ranged from
10.40 to 21.27 kg mm ™! and 32.70-71.37 kg kg™ ! in 2015 and 2016,
respectively. Unfortunately, no previous studies have calculated similar
indices or reported data to compare these values with results from
elsewhere. Future studies should therefore focus on integrating forage
quality attributes along with biomass and grain yield while calculating
CWP and NFP for dual-purpose crops under different agronomic man-
agement, which would provide a better understanding of their use as
forage crop.

4.4. Impacts of reduced irrigation and N treatments on the economic
benefit

Intensive agronomic practices are often believed to boost crop yields
and hence, economic benefits (Wang et al., 2018). In the present study,
WgoF75 presented the greatest net returns of spring wheat compared to
Wi1000F100, signifying that intensive practices do not necessarily improve
the economic benefits, which is in agreement with the findings of a
previous study (Li et al., 2022). A higher net return and benefit-cost ratio
with WgoFy5 treatment are attributed to (i) reduced input by decreasing
irrigation and N application rates and (ii) higher output due to relatively
stable yields. Similar results of higher yield and economic benefits with
appropriate fertilization and/or irrigation were reported for maize
(Wang et al., 2018; Yan et al., 2021), wheat (Li et al., 2019), and alfalfa
(Zhang et al., 2020). In this study, the total output (grain + DM yield)
with WygoF10p treatment failed to compensate for the high input costs,
lowering the net returns and benefits cost ratio. On the other hand, very
low irrigation and N treatments (WgoF75 and WeoFs0) significantly
reduced the input costs but were still not economically beneficial
because of resulting in significant yield losses. The WggFy5 treatment
increased the net returns by 2107 RMB ha™ and 776 RMB ha™! (15.2%
and 5.4%), and the benefit-cost ratio by 0.54 and 0.30 (24.0 % and 13.5
%) compared with the WygoF109 treatment. In 2016, the economic
benefit and benefit-cost ratio for WggF75 treatment were lower than that
in 2015 because precipitation was relatively lower, which increased the
crop water demand and reduced the effectiveness of WggF75 on
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increasing yield benefit compared to WiggF1¢9. These findings suggest
that the effects of reduced irrigation and fertilization are associated with
precipitation, whereas light precipitation could reduce the effectiveness
of deficit irrigation and fertilization. Overall, WgoFy5 maintained
significantly higher net returns, even in the year of low precipitation,
suggesting that the application of 600 mm irrigation and 225 kg N ha™*
can be used for wheat production in the arid region of northwest China
without yield losses.

5. Conclusions

Present findings illustrated significant prospects for optimizing the
irrigation and N fertilizer amounts for spring wheat in the arid region of
northwest China. A moderate decrease in irrigation and N (WgoFys5)
improved the resource use efficiencies and forage nutritive quality
without compromising the grain yield of spring wheat, compared to
conventional management (WigoF100). In addition, the WgoF75 treat-
ment improved the net returns and the benefit-cost ratio over that of
Wio00F100 in both wheat growing seasons. Except for WgoF7s, other
deficit irrigation and N treatments presented detrimental effects by
reducing grain yield, DM yield, forage nutritive values, resource use
efficiency, and economic benefits compared to WipoF10o. Thus, the
application of 600 mm irrigation and 225 kg N ha™! can be used as an
effective treatment for obtaining optimum yields and is more valuable
when considering the forage nutritive values and net income benefit for
spring wheat production in the arid region of Northwest China and areas
with similar climatic conditions. Nevertheless, the climatic conditions,
particularly precipitation amounts and soil properties, may vary be-
tween different arid regions, and the optimized irrigation and N treat-
ment in this study may not be favorable to optimal yields and economic
benefits in other arid regions. Therefore, future multi-locational studies
are suggested to clarify how climatic variations in different arid regions
would influence the potential effects of deficit water and fertilization on
spring wheat production, forage nutritive quality, and economic benefit.
More specific guidelines will help farmers to reduce irrigation and fer-
tilizer inputs while maximizing economic profitability in arid agricul-
tural production systems.
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