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A B S T R A C T

Context: With the increasing global warming concerns, appropriate agronomic practices for improving crop
yields while reducing greenhouse gases (GHGs) emissions are essential for sustainable agricultural production.
However, little information is available if these benefits can be achieved simultaneously in arid pastoral agricul-
ture systems with irrigation and nitrogen (N) management.
Research question: We assumed that the local practiced irrigation (600 mm) and N (300 kg ha−1) applications for
spring wheat in the arid regions of Northwest China are excessive, and optimizing irrigation-N rates would im-
prove the resource use efficiency of alfalfa and reduce GHGs emissions.
Methods: A two-year field study (2015–2016) was conducted to investigate the effects of irrigation regimes (IL,
300 mm; IM, 450 mm; and IH, 600 mm) and N application rates (F0, 0; FL, 150; FM, 225; and FH, 300 kg ha−1) on
forage yield, resource use efficiency, and GHGs emissions from alfalfa fields. The GHGs emissions during alfalfa
growing seasons were assessed by analyzing gas samples using the static chamber-gas chromatography method.
Results: High irrigation and N application (IHFH) was associated with elevated GHGs emissions, global warming
potential, and greenhouse gas intensity, but lower irrigation water productivity (IWP) and partial factor produc-
tivity of N (PFPN). Reducing the irrigation and N rates decreased the GHGs emissions but differently affected al-
falfa yield and resource use efficiencies. Among all the treatments, IMFL and IHFL resulted in the highest alfalfa
yields, IWP, and PFPN. However, IMFL showed a good trade-off between yield benefits and environmental perfor-
mance manifested by lower GHGs emissions, GWP, and GHGI. The IMFL reduced the cumulative emissions of ni-
trous oxide by 67.83% and 67.16%, carbon dioxide by 31.05% and 34.60%, GWP by 61.72% and 70.40%, and
GHGI by 74.37% and 79.78%, while increased alfalfa yield by 49.24% and 46.45%, IWP by 99.05% and 94.97%,
and PFPN by 198.44% and 192.90% compared to IHFH. Regardless of all the treatments, the alfalfa field acted as
a CH4 sink during both crop-growing seasons.
Conclusions: Our results suggest that the application of 450 mm irrigation and 150 kg N ha−1 could be used as
an appropriate management strategy for enhancing resource use efficiencies and mitigating GHGs emissions,
GHGI, and GWP from alfalfa fields.
Significance: The findings can provide an opportunity for greenhouse gas mitigation without alfalfa forage yield
reduction following the proper irrigation and fertilization regimes in the arid region of northwest China and ar-
eas with similar agro-climatic conditions.
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1. Introduction

In recent decades, drastic global warming caused by unprecedented
emissions of greenhouse gases (GHGs) has become a serious environ-
mental concern. Nitrous oxide (N2O), methane (CH4), and carbon diox-
ide (CO2) are the major GHGs contributing to global warming (Snyder
et al., 2009; Wang et al., 2016). Agriculture is considered a relevant
contributor to GHGs emissions and is responsible for approximately
52% and 84% of global CH4 and N2O emissions, respectively (Li et al.,
2020). Agricultural production must be increased by 70% for the pro-
jected 9.1 billion global population by 2050 (Kamran et al., 2018).
Given the limited arable land, intensive agricultural production prac-
tices are critical for meeting the future food, feed, and fiber demands
(Chen et al., 2015; Sapkota et al., 2020). However, the sustained GHGs
emissions with intensified agriculture will further impact the global
warming and climate change scenarios (Scheer et al., 2013).

In arid and semi-arid regions, supplemental irrigations play a key
role in boosting crop production but are inextricably linked with stimu-
lating soil GHGs emissions (Li et al., 2020; Mehmood et al., 2019). Soil
moisture is considered a major driver regulating GHGs emissions be-
cause it directly governs soil biogeochemical activities and substrate
availability (Ghani et al., 2022; Sapkota et al., 2020). Excessive irriga-
tion limit soil aeration and can stimulate denitrification and anaerobic
soil organic matter decomposition, resulting in higher N2O and CH4
emissions (Oertel et al., 2016). In addition, high irrigation volumes
stimulate CO2 fluxes by increasing plant biomass and soil microbial ac-
tivity (Scheer et al., 2013). Irrigation events are likely to result in
greater soil CO2 emissions if the soil is less frequently irrigated or re-
ceives less precipitation (Sapkota et al., 2020; Zornoza et al., 2016). Re-
cently, an overall shift toward reduced irrigation strategies in several
crops has been proposed to mitigate GHGs emissions by optimizing soil
nitrogen (N) and carbon (C) turnover (Hou et al., 2020; Li et al., 2018;
Zhang et al., 2020). However, the farming systems and climatic condi-
tions are highly diverse, and the concept of reduced irrigation for sus-
tainable crop productivity and GHGs mitigation necessitates a site-
specific implementation strategy.

Nitrogen fertilizers regulate soil NO3−-N and NH4+-N reserves,
which are the essential N pools taken up by plants. However, excessive
fertilization decreases N use efficiency (Chen et al., 2015) and increases
N losses, with potential negative impacts on the environment, ecosys-
tem functions, and biodiversity (Abalos et al., 2014; Millar et al., 2018).
The overuse and misuse of N fertilizers in China have increased envi-
ronmental pollution in terms of higher N2O emissions (Lyu et al., 2019;
Ning et al., 2022). An exponential relationship between soil N2O emis-
sions and N fertilization was observed when the inputs exceeded the op-
timum rates (Shcherbak et al., 2014), while a reasonable N application
did not affect N2O emissions (Yu et al., 2021). The inhibition of
methane monooxygenase enzyme activity with the increase in soil
NH4+ contents and high osmotic pressure caused by NO3-N increases
CH4 emissions (Bodelier and Laanbroek, 2004). Instead, the response of
soil CO2 emissions to N fertilizer application is dependent on soil or-
ganic matter (Niu et al., 2010). Recent studies have proposed that
matching fertilizer inputs to crop yield potential maximizes fertilizer
use efficiency, reduces losses, and can mitigate GHGs emissions (Tan et
al., 2017; Yu et al., 2021; Zhang et al., 2020).

In general, N fertilizers are considered less important for legume
crops because of their potential for atmospheric N fixation. However,
symbiotic N2 fixation and nodulation stability differ based on crop
growth periods and soil conditions (Elgharably and Benes, 2021;
Hungria and Vargas, 2000). Several studies have shown that supple-
mental N can promote early crop growth and development during low
N fixation (Hannaway and Shuler, 1993), low soil N availability period,
seasonal re-greening, and after harvests (Hartwig and Soussana, 2001;
He et al., 2018; Raun et al., 1999; Vasileva and Pachev, 2015). With the
impressive development of China's dairy industry, forage demand has

increased in response to severe protein feed shortages across the coun-
try (Hou et al., 2021). To meet the growing forage demands, alfalfa
(Medicago sativa L.) is widely cultivated in arid and semi-arid regions of
Northwest China. However, forage yield and quality of alfalfa are
greatly constrained by scarce rainfall, high evaporation, poor soil fertil-
ity, and soil salinity in these regions. Soil salinity and water deficit con-
ditions restrict the nodule development and the capacity of biological
N2 fixation (Elgharably and Benes, 2021; Hungria and Vargas, 2000;
Sadowsky, 2006), which limits N supply in legumes. Therefore, several
studies have shown the potential positive effects of supplemental irriga-
tions and N fertilization to boost alfalfa forage productivity, quality,
and profitability in these regions (Sha et al., 2021; Wen et al., 2018; Wu
et al., 2020). In addition, multiple alfalfa harvests (4−6) are achieved in
each crop season, which removes a relatively large amount of soil mois-
ture and nutrients. Given these conditions, high irrigations and fertil-
ization are prevalent in the local pastoral production system (Hu et al.,
2019; Sha et al., 2021). We hypothesized that despite contributing to
yield gains, these intensive management practices exacerbate environ-
mental issues and challenges such as rising GHGs emissions. Further-
more, we hypothesized that optimizing the irrigation and N application
rates for enhanced resource use efficiency of alfalfa would decrease the
resource losses and, therefore, reduce the GHGs emissions in the region.
To test these hypotheses, we measured the forage yield, resource use ef-
ficiency, and GHGs emissions from alfalfa fields and assessed their rela-
tionships under the farmers' conventional management and various lev-
els of reduced irrigations and N application rates. Results of this study
would help to seek effective irrigation and N management for achieving
sustainable alfalfa yields and high resource use efficiency reconciled
with low GHGs emissions in the arid regions of Northwest China.

2. Materials and methods

2.1. Description of the experimental site

Field experiments were conducted in 2015 and 2016 at the Experi-
mental Research Station of Lanzhou University (103° 05 'E, 38° 38' N),
located in the Hexi Corridor, Gansu province, China. The research site is
an irrigation-dependent oasis with a typically arid continental climate,
abundant sunlight, high evaporation, and critically scarce rainfall. The
annual sunshine accounts for about 3000 h, and the region enjoys a
frost-free period of 175 days. The average annual air temperature and
precipitation in the research area were 7.8 °C and 110.7 mm, respec-
tively. The potential annual evapotranspiration reaches 2644 mm. Soil
is classified as 'Aridisols' with a sandy loam texture (68% Sand, 23%
Silt, and 9% Clay). The top soil layer (0–20 cm) has a pH of 8.5, organic
matter of 9.34 g kg−1, total N content of 0.92 g kg−1, available phos-
phorus of 20.3 mg kg−1, and available potassium of 54.5 mg kg−1. Soil
organic matter was determined by Walkley–black method (Nelson and
Sommers, 1996), total N contents by the Kjeldahl method (Bremner,
1996), available phosphorous by Olsen method (Zhang et al., 2018),
and available potassium by Dirks–Sheffer method (Mehlich, 1953). Air
temperature and precipitation during both crop growing seasons were
obtained from the local meteorological station and presented in Fig. 1.

2.2. Experimental design and treatments management

Alfalfa stands were established in Fall 2014 with a seeding rate of
22 kg ha−1 and row spacing of 20 cm. The experiment was organized in
a randomized complete block design with a split-plot arrangement. The
irrigation regimes, IL (300 mm), IM (450 mm), and IH (600 mm), were
assigned to main plots, and N application rates including F0 (0 kg ha−1),
FL (150 kg ha−1), FM (225 kg ha−1), and FH (300 kg ha−1) as split plots.
Overall, the experiment comprised twelve different treatments (ILF0,
ILFL, ILFM, ILFH, IMF0, IMFL, IMFM, IMFH, IHF0, IHFL, IHFM, and IHFH), and
each treatment had four replicates. The surface irrigations were pro-
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Fig. 1. Daily minimum (min.) and maximum (max.) temperature, rainfall, and solar radiation at the experimental site in 2015 and 2016. The specific date of the year
corresponding to days after re-greening (DAR) is presented in Table S1 of supplementary data.

vided at 0 DAR (days after re-greening, 30%), 63 DAR (35%), and 123
DAR (35%). Water flow meters were used to measure the irrigation wa-
ter applied to each plot. Urea (46% N) was used as the N source and ap-
plied in split doses before irrigation events (60% at first irrigation and
40% at second irrigation). Irrigation and N application timings were
similar to local farmers' practices. Each treatment plot was
10 m × 10 m (100 m2), separated by 1.2 m wide isolation belts, and a
ridge was placed between plots. The partitioning ridges of each subplot
were covered with impervious plastic film membranes to prevent lat-
eral infiltration. Regardless of treatments, all plots were subjected to
the same crop management practices, such as weeding and plant pro-
tection.

2.3. Soil sampling and analysis

For the determination of soil mineral N contents, four soil samples
(0–20 cm) at each sampling interval were collected for each treatment
near the gas chambers using a steel corer (3 cm diameter). Each sample
was a composite of three subsamples within the treatment plot and rep-
resented as a single replicate. Soil samples were passed through a mesh
(3.0 mm) and extracted with 2 mol L−1 KCl (1:5 soil: solution). The
NH4+ and NO3– contents were determined using a continuous flow ana-
lyzer (Auto Analyzer 3, Seal Analytical, UK). Soil sampling dates corre-
sponded to the gas sampling and were used for relating to GHGs emis-
sion fluxes (Wang et al., 2016).

Parallel to GHGs sampling, three soil samples (0–20 cm) were taken
from each plot with an auger (3 cm diameter) for soil moisture. Mois-
ture contents were evaluated gravimetrically by oven-drying the sam-
ples and were expressed as soil water-filled pore spaces (WFPS) using
the equation (Zhang et al., 2020):

2.4. Greenhouse gas sampling and measurements

The GHGs fluxes were simultaneously determined in situ using the
static chamber-gas chromatography (GC) method (Ning et al., 2020).
Soil samplings for GHGs were carried out by using specially-made static
chambers. The chamber consists of a rectangular stainless-steel base
frame (50 cm width × 50 cm length × 10 cm height), permanently
fixed in each plot, and a mobile top cover box (50 cm × 50 cm ×
50 cm). Each base has a well-shaped groove (5 cm in depth) at the top
and was filled with water to seal the rim of the chamber during sam-
pling. The top cover box was made of stainless frames equipped with
circulating fans to ensure gas mixing. The chambers were covered with
a sponge and aluminum foil layer to minimize the inside air tempera-
ture changes during sampling. The chambers were also equipped with
electronic thermometers for measuring the inside air temperature. In
general, soil GHGs fluxes were determined once a week, and samplings
were intensified twice a week after irrigation, N fertilization, and pre-
cipitation events. After placing the chamber on pre-fixed bases, four gas
samples were taken within 30 min (0, 10, 20, and 30 min) using a
polypropylene syringe (50 mL) fitted with a nylon stopcock from
8:30–11:00 a.m. Samples were immediately transported to the labora-
tory for analysis, and specific procedures and operating parameters
were employed using LGR N2O Analyzer (908–0015–0000, Los Gatos
Research, USA) and LGR CH4/CO2 Analyzer (908–0011–0001, Los
Gatos Research, USA). The CH4, N2O, and CO2 fluxes were calculated by
linear regression slope between concentration and time:

(1)

Where J is the measured gas of N2O (µg m−2h−1), CH4 (µg m−2h−1),
and CO2 (mg m−2h−1), dc/dt is the linear regression slope of gas concen-
tration at the time approaching zero, M is the molar mass of the mea-
sured gas (g mol−1), P is the atmospheric pressure (Pa), T is the absolute
temperature (K); V0, P0, and T0 are the volume (mL), absolute temper-
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ature (K), and pressure (Pa) at standard conditions, H is the height of
the chamber (cm).

The cumulative N2O, CH4, and CO2 fluxes (kg ha−1) were estimated
following the equation (Afreh et al., 2018):

(2)

Where C is the cumulative GHG emissions (N2O, CH4, and CO2) dur-
ing the whole crop growing period, F is the daily flux values of gases
emissions (N2O, CH4, and CO2), i is the ith measurement, (ti+1-ti) is the
number of days between two adjacent measurements, and n is the total
number of measurements.

2.5. Global warming potential and greenhouse gas intensity

Global warming potential (GWP) is an indicator used for assessing
the potential effects of GHGs on global warming. The GWP (kg CO2-eq
ha−1) was calculated based on the default GWP values per unit mass of
N2O (265 times) and CH4 (28 times) measured over a 100-year time
frame that of CO2 emissions (IPCC, 2013):

(3)

Where YN2O is the cumulative N2O emissions (kg ha−1), and YCH4 is
the cumulative CH4 emissions (kg ha−1).

Greenhouse gas intensity (GHGI) is a comprehensive indicator of en-
vironmental and economic benefits and represents the GHGs balance
per unit of crop productivity (hay yield for alfalfa). The GHGI (kg CO2-
eq t−1) was calculated using the following equation (Afreh et al., 2018):

(4)

Where GWP is the global warming potential, and total yield is the
seasonal cumulative alfalfa forage yield (t ha−1).

2.6. Calculation of irrigation water productivity

The irrigation water productivity (IWP, kg m−3) was calculated as
the ratio of alfalfa hay yield (kg ha−1) to the total amount of irrigation
water applied (m−3).

(5)

2.7. Calculation of partial productivity factor of nitrogen

The PFPN for N fertilizer (kg kg−1) is defined as the ratio of crop
yield (hay yield for alfalfa) per unit of N fertilizer applied and calcu-
lated as follows (Tan et al., 2017):

(6)

2.8. Determination of alfalfa forage yield

Alfalfa was harvested during the early bloom period (10% bloom-
ing), and a total of six harvests were obtained in both growing seasons.
The schedule for each harvest is provided in Table S1. At each harvest,
three representative quadrats (1 m × 1 m) were randomly selected at
the centre of each plot and clipped to a height of about 5 cm to deter-
mine alfalfa productivity. Forage dry biomass was determined after
oven-drying the samples at 75 °C. Hay yield was calculated on a dry
matter basis.

2.9. Statistical analysis

Data in figures and tables are presented as the mean of four repli-
cates ± SD (n = 4). Analysis of variance (ANOVA) was performed with
SPSS 20.0 (IBM Corp., USA) to determine the effects of irrigation, nitro-
gen, and their interaction on alfalfa yield, IWP, PFPN, GHGs, GWP, and
GHGI. Treatment means were compared using Tukey's significant dif-
ference test at P< 0.05 and P < 0.01. Datasets were tested for normal-
ity (Shapiro-Wilk's Normality Test) and equality of error variance (Lev-
ene's test) before statistical analysis. Relationships of GHGs with envi-
ronmental variables and resource use efficiency (IWP and PFPN) of al-
falfa under different years were checked for normality, and linear and
nonlinear regression analyses were performed. Figures were con-
structed using Excel 2010 (Microsoft Corp., USA) and Origin 9.1 (Ori-
gin Lab Corp., USA).

3. Results

3.1. Precipitation and temperature

Alfalfa crop received about 94.2 and 49.3 mm of rainfall during the
first and second crop growing seasons (Fig. 1), accounting for 78.2%
and 65.3% of the total annual rainfall in 2015 and 2016, respectively.
About 68% of rainfall was less than 5 mm, too little to be effectively uti-
lized by crops. Monthly mean air temperatures were comparable in
both alfalfa-growing seasons, except for July to September 2016, when
mean temperatures were relatively higher than in 2015. During the al-
falfa growing seasons, daily mean air temperature ranged from 1.9 °C to
26.5 °C in 2015 and 2.2–29.4 °C in 2016 (Fig. 1).

3.2. Soil moisture and inorganic N content

During both alfalfa-growing seasons, the dynamics of soil moisture
(expressed as WFPS) showed several drying–wetting cycles following
irrigation events. In general, the WFPS values remained higher for sev-
eral days after irrigation events and then declined gradually within
each irrigation cycle (Figure S1). The WFPS increased with the irriga-
tion amounts, and IH treatment maintained the highest WFPS values
during both alfalfa-growing seasons compared to IL and IM treatments.
On the other hand, WFPS was lower for low, and medium N fertilized
plots compared to high fertilized plots under each irrigation level. The
variations among treatments were more distinct from 12 to 35 days af-
ter each irrigation event (Figure S1).

Soil inorganic N contents showed comparable seasonal dynamics
during both alfalfa growth seasons. Soil NO3− in the top 20 cm soil pro-
file ranged between 6.33 and 24.66 mg kg–1, and NH4+ contents ranged
from 2.05 to 13.69 mg kg–1 during 2015 and 2016, respectively (Figure
S2 and S3). Irrigation and N fertilization events improved soil inorganic
N concentration, and maximum NO3− contents were observed during
12–18 DAR and 69–75 DAR for all treatments (Figure S2). High irriga-
tion and N fertilizer rates maintained greater NO3− contents for a longer
period. However, NH4+ contents were higher at low irrigation and N
fertilizer rate and tended to decrease with the increase in irrigation lev-
els at various sampling intervals during alfalfa growing seasons (Figure
S3).

3.3. Seasonal pattern and cumulative N2O emissions

Seasonal dynamics of N2O emissions fluxes showed a clear pattern
following the irrigation and N application events, and two peak fluxes
were observed during each alfalfa-growing season (Fig. 2). The first
N2O peak fluxes (116.54–134.08 μg m−2 h−1) were achieved at 12 DAR,
and the second peak fluxes (146.48–154.51 μg m−2 h−1) at 69 DAR in
response to N fertilizer application following irrigations at re-greening
and 63 DAR, respectively. Irrigation alone at 123 DAR showed little ef-
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Fig. 2. Effects of different irrigation (I) and nitrogen (F) treatments on seasonal dynamics of soil N2O fluxes during alfalfa-growing period in 2015 and 2016. Data
are presented as the means of four replicates ± SD (n = 4). Red and green arrows indicate fertilization and irrigation events, respectively. IL, IM, and IH represent ir-
rigation amounts of 300, 450, and 600 mm, while F0, FL, FM, and FH represent nitrogen application rates of 0, 150, 225, and 300 kg ha–1, respectively.

fect on stimulating N2O emissions fluxes during the later crop growing
period (Fig. 2).

Cumulative N2O emissions were significantly affected by irrigation
regimes (I), N application rates (F), and their interaction (I × F) (Fig.
3). Cumulative N2O emissions showed an increasing trend with the in-
crease in irrigation and N application rates, and the highest emissions
were achieved for IH (1.93 and 1.79 kg ha−1) and FH (1.96 and
1.92 kg ha−1) treatments in 2015 and 2016, respectively (Fig. 3). Re-
garding the interactive effects, the increase in N application rate under
each irrigation regime increased the cumulative N2O emissions, and the
highest emissions were achieved for IHFH (2.86 and 2.71 kg ha−1), fol-
lowed by IHFM (2.25 and 2.12 kg ha−1) treatment. The lowest emissions
were perceived for ILF0 (0.50 and 0.46 kg ha−1), ILFL (0.67 and
0.69 kg ha−1), IMF0 (0.73 and 0.57 kg ha−1), and IMFL (0.92 and
0.89 kg ha−1) treatments in 2015 and 2016, respectively (Fig. 3). The
N2O emissions for ILF0, ILFL, IMF0, and IMFL treatments were decreased
by 82.5% and 83.0%, 76.6% and 74.5%, 74.5% and 79.0%, 67.8% and
67.2% compared to IHFH in 2015 and 2016, respectively.

3.4. Seasonal pattern and cumulative CH4 uptake

The alfalfa field acted as a CH4 sink throughout the experimental pe-
riod, indicated by negative CH4 values (Fig. 4). Following each irriga-

tion event, CH4 sink fluxes appeared, but these fluxes were reduced in
magnitude with the increase in N fertilizer amounts. The highest CH4
fluxes were perceived at 15 DAR (−47.40 and −50.47 μg m−2 h−1), 72
DAR (−60.96 and −62.96 μg m−2 h−1), and 139 DAR (−43.84 and
−49.95 μg m−2 h−1) following the effects of irrigation and fertilization
events at re-greening, 63 DAR, and 123 DAR, respectively (Fig. 4).

The average cumulative CH4 uptake in 2015 was lower by 10.28%
than in 2016. The cumulative CH4 uptake increased linearly with the
increase in irrigation amounts, and the highest uptake was observed for
IH treatment (−1.21 and −1.29 kg ha−1), followed by IM (−1.13 and
−1.20 kg ha−1) in 2015 and 2016, respectively (Fig. 5). On the contrary,
CH4 uptake linearly decreased with the increase in N application rates,
and the values were less negative at higher N rates (Fig. 5). Among the
irrigation and N combined effects, the highest CH4 uptake was observed
for IHF0 (−1.52 and −1.59 kg ha−1), followed by IMFL (−1.28 and
−1.37 kg ha−1), and IHFL (−1.29 and −1.36 kg ha−1); while the lowest
uptake was observed for ILFH (−0.81 and −0.93 kg ha−1), IMFH (−0.91
and −0.98 kg ha−1), and IHFH (−0.92 and −1.04 kg ha−1) treatments in
2015 and 2016, respectively (Fig. 5).
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Fig. 3. Effects of different irrigation (I) and nitrogen (F) treatments on cumulative N2O emissions in 2015 and 2016. Data are presented as the means of four repli-
cates ± SD (n = 4). Error bars with different letters indicate significant differences among treatment means based on Tukey’s significant difference test (at P< 0.05).
Treatments abbreviations are similar to those described in Fig. 2.

3.5. Seasonal pattern and cumulative CO2 emissions

Unlike other GHGs, CO2 fluxes followed a distinct pattern during al-
falfa growing seasons. Initially, CO2 fluxes remained lower from 0 to 59
DAR but sharply increased and reached peak fluxes at 72–78 DAR
(680.43 −702.50 mg m−2 h−1) following the effect of the second irriga-
tion and N application (Fig. 6). Thereafter, CO2 emissions fluxes de-
clined gradually in all treatments until 119 DAR. However, after the
third irrigation, CO2 fluxes increased and reached the second peak
curve at 139–144 DAR (624.23–668.45 mg m−2 h−1) (Fig. 6).

Irrigation regimes and N application rates significantly affected the
cumulative CO2 emissions in both years. The cumulative CO2 emissions
increased significantly with the increase in irrigation and N application
rates, and the highest emissions were achieved for IH (16146 and
15343 kg ha−1) and FH (17100 and 16507 kg ha−1) treatments in 2015
and 2016 (Fig. 7). The differences in CO2 emissions between IL and IM
treatments were lower than IH, even non-significant in 2016. The inter-
action effect of irrigation and N was also significant in both years. At
each irrigation regime, increasing N rates linearly increased the CO2
emissions, and IMFH (17075 and 16541 kg ha−1), IHFM (17438 and
16217 kg ha−1), and IHFH (18856 and 18452 kg ha−1) treatments re-
sulted in the highest emissions in 2015 and 2016, respectively. The low-
est CO2 emissions were achieved for ILF0 (10588 and 11043 kg ha−1),
ILFL (11154 and 11905 kg ha−1), and IMFL (13002 and 12567 kg ha−1),
respectively (Fig. 7).

3.6. Global warming potential and greenhouse gas intensity

Irrigation regimes, N rates, and their interaction significantly (P <
0.01) affected the GWP in both years (Table 1). The GWP values were
significantly increased by irrigation and N application, and the higher
the application rates, the greater were GWP values obtained (Table S2).
Among the irrigation and N interactive effects, the greatest GWP values

were achieved for IHFH (731.13 and 688.56 kg ha−1) and IHFM (566.92
and 528.79 kg ha−1) treatments (Table 1). Conversely, reducing the irri-
gation and N application rates decreased the GWP, and the lowest val-
ues were achieved for ILF0 (101.05 and 86.62 kg ha−1) and ILFL (146.34
and 151.82 kg ha−1) in 2015 and 2016, respectively.

The GHGI was significantly affected by the irrigation and N regimes
and their interactions (Table 1). In 2015, no significant difference in
GHGI was observed between IL (13.18 kg t−1) and IM (13.68 kg t−1)
treatments, but the GHGI was significantly increased at a high irriga-
tion rate (IH, 21.34 kg t−1). In 2016, the GHGI initially decreased with
increasing irrigation amount from IL (15.47 kg t−1) to IM (13.40 kg t−1)
but increased again for IH (20.51 kg t−1) (Table S2). On the other hand,
the GHGI values linearly increased with the N application rate, and the
highest values were obtained for FH treatment (28.07 and 31.72 kg t−1)
in 2015 and 2016, respectively (Table S2). Among irrigation and N
combined effects, the highest GHGI values were obtained for IHFH
(38.43 and 38.41 kg t−1), IHFM (26.19 and 25.20 kg t−1), and IMFH
(22.12 and 29.06 kg t−1), while the lowest values were achieved for ILFL
(9.01 and 11.49 kg t−1) and IMFL (9.85 and 7.77 kg t−1) treatments in
2015 and 2016, respectively (Table 1). The GHGI values for IMFL treat-
ment were almost similar to or lower than that of no fertilizer applica-
tion treatments under different irrigation regimes (ILF0, IMF0, and IHF0).

3.7. Alfalfa hay yield

Results indicated significant (P< 0.01) effects of the irrigation, N
fertilization, and their interactive effects on alfalfa forage yield (Fig. 8).
The mean forage yield of all treatments in 2015 was 10.5% greater than
that in 2016. Among the irrigation treatments, maximum forage yield
was achieved for IM (23.28 and 20.42 t ha−1) and IH (22.34 and 21.44 t
ha−1) treatments in 2015 and 2016, respectively (Fig. 8). On the other
hand, a low N application significantly increased the alfalfa yield over
that of no N application. However, FM and FH treatments decreased al-
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Fig. 4. Effects of different irrigation (I) and nitrogen (F) treatments on seasonal dynamics of CH4 fluxes during alfalfa-growing period in 2015 and 2016. Data are pre-
sented as the means of four replicates ± SD (n = 4). Red and green arrows indicate fertilization and irrigation events, respectively. Treatments abbreviations are
similar to those described in Fig. 2.

falfa yield compared to the FL treatment (Fig. 8). Analysis of the irriga-
tion and N interactive effects showed that the highest seasonal yields
were achieved with low N application under medium irrigation regime
(IMFL,128.40 and 26.23 t ha−1) and low N application under high irriga-
tion regime (IHFL, 26.23 and 24.96 t ha−1) (Fig. 8). On the other hand,
alfalfa yield was decreased by reducing irrigation regimes regardless of
N application rates, and the lowest yields were achieved for ILF0 (11.93
and 10.78 t ha−1) and ILFH (13.56 and 12.04 t ha−1) in 2015 and 2016,
respectively.

3.8. Irrigation water productivity and partial factor productivity of N

The IWP of alfalfa was significantly (P< 0.01) affected by irrigation,
N, and their interaction (Table 1). Among the main treatment effects,
the IWP initially increased as the irrigation amount increased from IL to
IM but then significantly declined with the highest irrigation amount
(IH) (Table S2). Notably, the IWP for IH was lower than that of the IL in
both years. Among N treatments, the highest mean IWP was achieved
for FL treatment which was greater by 33.1% and 23.8% compared to
F0. However, the IWP of FM and FH treatments decreased significantly
compared to the FL treatment (Table S2). Among the irrigation and N
interactive effects, the highest IWP was achieved for IMFL (6.31 and
5.81 kg m−3), followed by IMFM (5.48 and 4.44 kg m−3), and ILFL (5.41
and 4.40 kg m−3), while the lowest IWP was achieved for IHFM (3.61

and 3.50 kg m−3) and IHFH (3.17 and 2.99 kg m−3) treatment in 2015
and 2016 (Table 1).

The increase in irrigation amounts increased the PFPN, owing to
greater alfalfa yields, and the highest values were obtained for IM
(122.28 and 105.30 kg kg−1) and IH (111.46 and 106.49 kg kg−1) treat-
ments in 2015 and 2016 (Table S2). On the contrary, a significant and
negative relationship existed between PFPN and the N application rates.
The FL, FM, and FH treatments resulted in PFPN of 157.42, 91.28,
58.86 kg kg−1 in 2015, and 143.14, 80.47, and 50.69 kg kg−1 in 2016,
respectively (Table S2). The interaction of irrigation and N also had a
significant (P< 0.01) effect on the PFPN (Table 1). Among all the treat-
ments, IMFL (189.36 and 174.89 kg kg−1) and IHFL (174.69 and
166.49 kg kg−1) treatments resulted in the highest PFPN, while the low-
est PFPN was achieved for ILFH (45.21 and 40.12 kg kg−1), IMFH (67.92
and 52.23 kg kg−1), and IHFH (63.45 and 59.71 kg kg−1) treatments in
2015 and 2016, respectively (Table 1).

3.9. Relationships of GHGs emissions with resource use efficiency and soil
properties

Soil N2O emissions fluxes showed significantly (P < 0.01) positive
relationship with WFPS (R2 = 0.285), NO3− (R2 = 0.851), and NH4+

(R2 = 0.443) contents during alfalfa growing seasons (Fig. 9). The re-
gression analysis also revealed significant (P < 0.01) and negative as-
sociation of CH4 fluxes with WFPS (R2 = 0.259) and NH4+ (R2 =
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Fig. 5. Effects of different irrigation (I) and nitrogen (F) treatments on cumulative soil CH4 uptake in 2015 and 2016. Data are presented as the means of four
replicates ± SD (n = 4). Error bars with different letters indicate significant differences among treatment means based on Tukey’s significant difference test (at
P< 0.05). Treatments abbreviations are similar to those described in Fig. 2.

0.129) contents, but a non-significant (P > 0.05) relation with NO3−

(R2 = 0.003). In addition, CO2 emissions were negatively associated
with WFPS (R2 = 0.117) while positively associated with NO3− (R2 =
0.182) (Fig. 9). A non-significant (P > 0.05) relation of CO2 fluxes with
NH4+ contents (R2 = 0.001) was detected in our study.

Moreover, the regression analyses also depicted a significant decline
in GHGs emissions with the increased resource use efficiency (IWP and
PFPN) of alfalfa (Fig. 10). A negative and parabolic relation of N2O (R2

= 0.784), CO2 (R2 = 0.687), GWP (R2 = 0.508), and GHGI (R2 =
0.503) with IWP was evident in the present study. In addition, N2O (R²
= 0.279), CO2 (R² = 0.208), and GWP (R² = 0.206) were negatively
and linearly associated with PFPN, while the GHGI followed a parabolic
relation (R2 = 0.421) with the PFPN (Fig. 10).

4. Discussion

4.1. Effects of irrigation and N fertilization on alfalfa yield

Supplemental irrigation and fertilization are the major determinants
for sustaining pastoral agriculture systems in arid and semi-arid regions
(Djaman et al., 2020; Hu et al., 2019; Li et al., 2020). Results from the
present study revealed greater alfalfa yields at high irrigation amounts,
attributed to enhanced water and nutrient acquisitions, greater leaf ex-
pansion, and enhanced photosynthetic capacity of alfalfa plants, result-
ing in greater biomass accumulation (Li and Su, 2017; Xiao et al.,
2015). The seasonal alfalfa yields obtained in the present study were
the highest among those reported in arid regions of China (Hu et al.,
2019; Liu et al., 2021; Sha et al., 2021; Wu et al., 2020). In 2015, rain-
fall was comparatively high (94.2 mm), therefore, sufficient soil water
was available for crop growth, and increasing irrigation amount beyond
IM had no significant effect on increasing alfalfa yield. Whereas precipi-
tation was lower (49.3 mm) in 2016, high irrigation was essential to
meet the crop water demands and thus linearly increased alfalfa yield.

These results are in agreement with the previous findings that reported
a linear relationship between alfalfa yield with irrigation amount in dry
regions of China (Li and Su, 2017; Liu et al., 2021). However, Hanson et
al. (2008) observed a curvilinear relationship between alfalfa yield and
irrigation amounts, while, Djaman et al. (2020) identified a third-order
polynomial association. The discrepancy in these studies is most likely
due to differences in climatic conditions at the experimental sites,
which may have influenced the yield-irrigation relationship.

Literature on the use of N fertilizers in legume crops is debatable,
with reports signifying both no significant benefits (Oliveira et al.,
2004; He et al., 2018) and positive effects on yields and forage quality
(Elgharably and Benes, 2021; Fan et al., 2016; Hungria and Vargas,
2000; Raun et al., 1999; Vasileva and Pachev, 2015). Results from our
present study showed positive effects of appropriate N application
(150 kg ha−1) on improving alfalfa yields compared to no fertilizer ap-
plication (F0). The soil of the research area is characterized by water
deficit and salinity (Yang et al., 2020), which greatly hinder nodule de-
velopment and limit biological N2 fixation. Therefore, the positive ef-
fects of FL treatment are attributed to the regulation of early plant de-
velopment at the re-greening stage by using available soil N to avoid
the retention of root development, as N assimilation requires less CO2
and energy than N fixation (Vasileva and Pachev, 2015). Another possi-
ble reason could be the beneficial effects of increased plant N uptake on
the integrity of leaf chlorophyll contents, regulating the photosynthetic
efficiency (Fan et al., 2016; Gao et al., 2020), resulting in higher dry
matter accumulation (Miao et al., 2019; Wu et al., 2020). Similar find-
ings of increased forage yield of alfalfa with N application in compari-
son to no N application have been reported in arid and semi-arid re-
gions of China (Fan et al., 2016; Hu et al., 2019; Sha et al., 2021; Wen et
al., 2018). Results also indicated that high N application (225 and
300 kg ha−1) to alfalfa in the region is not conducive to improving al-
falfa yields but rather associated with declining N use efficiency and el-
evating GHGs emissions.
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Fig. 6. Effects of different irrigation (I) and nitrogen (F) treatments on seasonal dynamics of soil CO2 fluxes during the alfalfa-growing period in 2015 and 2016.
Data are presented as the means of four replicates ± SD (n = 4). Red and green arrows indicate fertilization and irrigation events, respectively. Treatments abbrevi-
ations are similar to those described in Fig. 2.

4.2. Effects of irrigation and N fertilization on alfalfa resource use
efficiency

The IWP and PFPN are key determinants for identifying rational irri-
gation and N management and improving crop economic benefits
(Zhang et al., 2020). A greater IWP in 2015 was owed to better crop
growing conditions, resulting in higher alfalfa yields than in 2016. Also,
our results depicted that IM treatment had the highest IWP values, while
IH had the lowest values because the yield increase among the two
treatments was insignificant, but the degree of water increment was
much higher in IH treatment. Djaman et al. (2020) observed a similar
IWP trend with irrigation levels in alfalfa under semi-arid conditions. In
our study, the observed IWP values were comparable to previously re-
ported values in arid regions of China (Hu et al., 2019; Liu et al., 2021;
Sha et al., 2021). The FL treatment had the highest PFPN values among
the N treatments, associated with its positive effects on boosting alfalfa
yields in both years. A suitable N application promotes root activity and
architecture, enhancing resource acquisitions that regulate photo-
assimilates distribution in plant aboveground parts (Vasileva and
Pachev, 2015), improving yield and resource use efficiencies. The de-
crease in PFPN associated with excessive N application (FM and FH) was
likely due to N-induced adverse effects on root development, reducing
the nutrient and water uptake, and as a result, the alfalfa biomass
(Oliveira et al., 2004; Xie et al., 2015). A previous study by Hu et al.

(2019) reported IWP values of 3.45–5.36 kg m−3 and FPFN values of
102.5–229.8 kg kg−1 for alfalfa under different irrigation
(480–690 mm) and N application rates (0–180 kg ha−1) in the arid re-
gion of north China, with 480 mm irrigation coupled with 180 kg N
ha−1 resulting in the highest values (IWP, 5.36 kg m−3; FPFN,
229.8 kg kg−1). Another study showed a range of IWP (2.1–3.8 kg m−3)
and FPFN (24.5–145.3 kg kg−1) for the alfalfa crop, and the highest val-
ues were perceived with the application of 600 mm irrigation and
135 kg N ha−1 (Sha et al., 2021). The IWP (2.99–6.31 kg m−3) and FPFN
(40.12–189.36 kg kg−1) values achieved in our present study were com-
parable to the reported values in these studies. However, the highest
IWP values (6.31 and 5.81 kg m−3) and FPFN (189.36 and
174.89 kg kg−1) were achieved with the application of 450 mm irriga-
tion and 150 kg N ha−1. These findings suggest that high irrigation and
fertilization of alfalfa in the arid region do not guarantee increased re-
source use efficiency. Appropriate irrigation-N management, on the
other hand, are more conducive to achieving optimal yields while re-
ducing input costs and environmental impacts.

4.3. Effects of irrigation and N application on soil N2O emissions

In agricultural soils, N2O is produced as an intermediate during mi-
crobial nitrification and denitrification processes, governed by soil
moisture (Ruser et al., 2006; Sainju et al., 2012). Results from the pre-

9



CO
RR

EC
TE

D
PR

OO
F

M. Kamran et al. Field Crops Research xxx (xxxx) 108715

Fig. 7. Effects of different irrigation (I) and nitrogen (F) treatments on cumulative soil CO2 emissions in 2015 and 2016. Data are presented as the means of four
replicates ± SD (n = 4). Error bars with different letters indicate significant differences among treatment means based on Tukey’s significant difference test (at P
< 0.05). Treatments abbreviations are similar to those described in Fig. 2.

sent study depicted two distinct N2O peak fluxes during each alfalfa-
growing season, which were directly associated with enhanced soil
WFPS (40.8–75.2%) and NO3− (14.5–22.6 mg N kg–1) following the irri-
gation and N application. Interestingly, no distinctive N2O emissions
fluxes were detected following irrigation alone at 123 DAR, which is
most likely due to low microbial activity as a result of deficient soil sub-
strate (Schellenberg et al., 2012). Our results indicated that irrigation
combined with N results in higher N2O emissions than irrigation alone,
which are consistent with findings from previous studies (Li et al.,
2020; Sapkota et al., 2020; Scheer et al., 2008). The linear increase in
N2O emission with increased irrigation regimes is attributed to differ-
ences in soil water distribution patterns. Greater soil moisture availabil-
ity from high irrigation regimes facilitates the formation of anoxic mi-
crosites, which are known to promote N2O emissions, particularly in
the presence of NO3− (Ruser et al., 2006; Sainju et al., 2012). Excessive
irrigation would simultaneously and completely fill a large volume of
soil pores, resulting in higher N2O pulses from wetted soils (Wang et al.,
2016). On the other hand, low irrigation regimes leave a large number
of unfilled or partially filled pores, resulting in more variable and less
intensive N2O emission pulses (Sapkota et al., 2020; Zhang et al., 2020).
These findings highlighted the importance of appropriate irrigation
amounts with the potential of reducing N2O emissions in arid regions
by regulating soil aeration and inhibiting denitrification, as corrobo-
rated by the previous studies (Abalos et al., 2014; Li et al., 2020; Wang
et al., 2016).

Soil inorganic N contents are the major driving forces for microbial
N2O production (Millar et al., 2018; Schellenberg et al., 2012). Our re-
sults indicated the N2O emission pulses were markedly intensified after
applying N fertilizer with irrigation. High soil NO3– and moisture con-
tents were evident during these emission pulses. These effects lasted for
about two weeks after fertilization and irrigation events. The results
were further validated by a significant and positive relationship of N2O
emissions fluxes with NO3– contents (R2 = 0.851) and NH4+-N (R2 =
0.443), which has also been confirmed across various N-managed soils

(Li et al., 2020; Ning et al., 2022; Tan et al., 2017; Yu et al., 2021). The
difference in cumulative N2O emissions between F0 and FL was lower
than that of FM and FH treatments. This could be attributed to efficient
soil N utilization by alfalfa crops, leaving little substrate for microbial
activity (Lyu et al., 2019; Scheer et al., 2013, 2008). A negative correla-
tion between PFPN and soil N2O emissions in our study supported these
findings. Since the FM and FH treatments failed to stimulate alfalfa
growth compared to FL treatment, the absorption and utilization of N
decreased, and the leftover soil N reserves supported microbial-
nitrification and denitrification (Millar et al., 2018; Tan et al., 2017; Yu
et al., 2021), increasing the N2O emissions. Previously, a global meta-
analysis reported that N2O emission increases exponentially once the N
inputs exceed the crop demands (Shcherbak et al., 2014).

4.4. Effects of irrigation and N application on soil CH4 emissions

Agricultural soils act as a source or sink for CH4 depending on the
relative ratios of methanogens and methanotrophs (Ning et al., 2020).
In general, soils in well-drained areas act as a net CH4 sink (Sainju et al.,
2012; Tan et al., 2017), which was also evident in our present study. An
increase in the cumulative CH4 uptake with irrigation amounts was
likely due to the stimulatory effects of soil moisture on methanotrophs
activities (Li et al., 2020; Wang et al., 2016; Zhang et al., 2020). How-
ever, a previous study suggested that high irrigation regimes may limit
CH4 uptake by promoting waterlogging or anaerobic soil conditions
(Del Grosso et al., 2000) because extreme wet soils restrict atmospheric
CH4 diffusion in croplands (Li et al., 2019). Given the arid climatic con-
ditions of our study's site, soil moisture does not reach the saturation
point because of the irrigation intervals and high evapotranspiration
rate and does not cause a strict anaerobic condition. Instead, adequate
soil moisture with irrigation increases diffusivity and improves soil
porosity and air circulation, accelerating methanotrophic CH4 oxida-
tion (Sapkota et al., 2020). Furthermore, soil organic matter at the
study site was relatively low, which may have contributed to CH4 up-

10



CO
RR

EC
TE

D
PR

OO
F

M. Kamran et al. Field Crops Research xxx (xxxx) 108715

Table 1
Interactive effects of irrigation (I) and nitrogen (F) treatments on irrigation
water productivity (IWP), partial factor productivity of nitrogen (PFPN),
global warming potential (GWP), and greenhouse gas intensity (GHGI) in
2015 and 2016.
Years Treatments IWP (kg

m−3)
PFPN (kg
kg−1)

GWP (kg ha−1) GHGI (kg t−1)

2015 ILF0 3.98 ± 0.22e NA 101.05 ± 16.07h 8.46 ± 1.22g

ILFL 5.41 ± 0.09b 108.22 ± 4.04c 146.34 ± 6.21g 9.01 ± 0.18g

ILFM 5.10 ± 0.19c 68.04 ± 2.49e 199.15 ± 9.94f 13.01 ± 0.65e

ILFH 4.52 ± 0.15d 45.21 ± 3.62f 305.33 ± 16.98e 22.52 ± 1.37c

IMF0 4.38 ± 0.07d NA 156.99 ± 12.46g 7.97 ± 0.57g

IMFL 6.31 ± 0.16a 189.36 ± 2.75a 279.87 ± 7.95e 9.85 ± 0.26fg

IMFM 5.48 ± 0.17b 109.54 ± 4.02c 386.33 ± 14.03d 15.67 ± 0.42d

IMFH 4.53 ± 0.22d 67.92 ± 2.84e 450.75 ± 24.03c 22.12 ± 1.03c

IHF0 3.73 ± 0.18e NA 230.17 ± 20.07f 10.25 ± 0.85f

IHFL 4.37 ± 0.25d 174.69 ± 4.72b378.25 ± 17.66d 14.45 ± 0.61e

IHFM 3.61 ± 0.16e 96.25 ± 2.93d 566.92 ± 25.22b 26.19 ± 1.41b

IHFH 3.17 ± 0.12f 63.45 ± 4.13e 731.13 ± 27.21a 38.43 ± 1.95a

Variation source
I * * * * * * * *
F * * * * * * * *
I × F * * * * * * * *

2016 ILF0 3.59 ± 0.15de NA 86.62 ± 9.54i 8.05 ± 0.95f

ILFL 4.40 ± 0.08b 88.03 ± 2.85c 151.82 ± 11.66gh11.49 ± 0.78e

ILFM 4.45 ± 0.06b 59.36 ± 4.56d 222.25 ± 15.27f 16.64 ± 1.04d

ILFH 4.01 ± 0.15c 40.12 ± 3.63f 303.13 ± 26.62e 25.20 ± 2.48c

IMF0 4.39 ± 0.14b NA 112.07 ± 14.48h 5.68 ± 0.78g

IMFL 5.81 ± 0.10a 174.89 ± 4.77a 203.84 ± 22.76f 7.77 ± 0.88f

IMFM 4.44 ± 0.07b 88.78 ± 2.02c 322.33 ± 23.28de16.14 ± 1.28d

IMFH 3.48 ± 0.16d 52.23 ± 4.62e 455.21 ± 15.51c 29.06 ± 1.41b

IHF0 3.65 ± 0.10cd NA 177.81 ± 7.18g 8.13 ± 0.22f

IHFL 4.17 ± 0.07bc 166.49 ± 5.93b362.40 ± 18.79d 14.53 ± 0.97de

IHFM 3.50 ± 0.11d 93.28 ± 2.99c 528.79 ± 27.86b 25.20 ± 1.54c

IHFH 2.99 ± 0.09e 59.71 ± 2.09d 688.56 ± 33.37a 38.42 ± 1.29a

Variation source
I * * * * * * * *
F * * * * * * * *
I × F * * * * * * * *

IL, IM, and IH represent irrigation amounts of 300, 450, and 600 mm, while F0,
FL, FM, and FH represent nitrogen application rates of 0, 150, 225, and
300 kg ha–1, respectively. Data are presented as the means of four replicates
± SD (n = 4). Different lowercase letters within each column represent signifi-
cant differences among treatment means based on Tukey’s significant differ-
ence test (P ≤ 0.05).

take by limiting methanogen activity. In addition, our results suggested
that high N fertilization led to reduced soil CH4 uptake. Several factors
such as the reduced activity of methanotrophic bacteria (Sainju et al.,
2012), inhibition of enzyme responsible for CH4 oxidation (Li et al.,

2020), high osmotic pressure caused by high NO3-N concentration
(Bodelier and Laanbroek, 2004), toxic inhibition by nitrite and hydrox-
ylamine produced during the nitrification (King and Schnell, 1994),
and low pH toxicity (Bradford et al., 2001) may have contributed to de-
creasing CH4 uptake with N fertilization.

4.5. Soil CO2 emissions in response to irrigation and N application

Two possible explanations exist for elevated CO2 fluxes during the
late warmer alfalfa seasons (after 65 DAR). Firstly, a relatively high
temperature promotes soil C mineralization (Jia et al., 2021). Secondly,
more litter returned to the soil because of multiple alfalfa harvests, re-
sulting in additional soil C inputs and stimulating soil microbial activity
and biomass. Both these aspects, with adequate soil moisture as an in-
termediate factor, are assumed to have played a key role in regulating
soil respiration in our study. These results are consistent with previous
studies in which irrigation or heavy rainfall increased CO2 emissions by
stimulating microbial activity and root respiration (Abalos et al., 2014;
Hou et al., 2020; Scheer et al., 2013). Besides, CO2 emissions in this
study reflect both autotrophic plant root respiration and heterotrophic
microbial soil respiration. Therefore, we assume that high irrigation
treatments markedly influenced soil respiration by (i) shifting the soil
moisture regimes that stimulated heterotrophic soil respiration and (ii)
increasing crop productivity, which increases autotrophic root respira-
tion. The effect of N fertilization on CO2 emissions is because of its im-
pact on microbial development and soil respiration, both dependent on
soil organic matter (Li et al., 2020). Perhaps, soil organic matter in the
experimental site was lower in 2015, and only high N rates significantly
affected CO2 emissions, while emissions linearly increased with N rates
due to relatively high soil organic matter in 2016. These results are con-
sistent with previous findings that N had little effect on increasing CO2
emissions in low organic matter soils (Niu et al., 2010), but the emis-
sions increase significantly at any N rate in soils with sufficient organic
matter (Sainju et al., 2008). Furthermore, urea is decomposed into CO2
and water when N exceeds the crop demands (Li et al., 2020), which
could be another possible reason for elevated CO2 emissions with high
N application rates in our study. At a low N application rate, most of the
N is used by plants, leaving little soil residuals and having little impact
on CO2 emissions. These results were further validated by the signifi-
cant and negative relationship between cumulative CO2 emissions and
PFPN.

4.6. Response of global warming potential and greenhouse gas intensity to
irrigation and N application

The GWP is regulated primarily by the emissions of N2O and CH4
(Afreh et al., 2018; Li et al., 2019). Positive GWP values in the present
study indicated that alfalfa production systems acted as a net GHG
source. High irrigation and N application increased the GWP, signifying
both irrigation and N were the major driving forces in regulating GWP.
Meanwhile, the contribution of N2O to the GWP was much higher than
that of CH4, as alfalfa fields acted as CH4 sinks. These results are consis-
tent with findings from previous studies that identified N2O as the pri-
mary contributor to GWP in dryland conditions because CH4 consump-
tion exceeded emissions (Li et al., 2020; Lyu et al., 2019). Excessive N
fertilization disrupts the N balance between soil supply and plant uti-
lization, leaving higher soil inorganic N residuals and increased N2O
emissions (Yu et al., 2021). In addition, the conventional farmers' prac-
tice of high irrigation and N application (IHFH) resulted in greater GHGI
values. However, optimized irrigation and N application rate (IMFL) sig-
nificantly offset the negative environmental impact and decreased the
GHGI values, indicating lower GHGs emissions per kg hay yield of al-
falfa compared to farmers' conventional management. The lower GHGI
for IMFL treatment was attributed to a decrease in GWP due to lower
N2O emissions and higher alfalfa yields. The GWP of IMFL treatment was
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Fig. 8. Effects of different irrigation (I) and nitrogen (F) treatments on alfalfa seasonal hay yield in 2015 and 2016. Data are presented as the means of four replicates
± SD (n = 4). Error bars with different letters indicate significant differences among treatment means based on Tukey’s significant difference test (at P ˂< 0.01).
Treatments abbreviations are similar to those described in Fig. 2.

Fig. 9. Relationship of N2O, CH4, CO2, GWP, and GHGI with soil moisture (WFPS) and soil mineral N contents. ‘* ’ and ‘* *’indicate significance at 0.05 and 0.01
probability level, respectively, and ‘NS’ denotes non-significance. Each data point is the average value of two years (2015–2016) for irrigation and nitrogen treat-
ments (n = 396).
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Fig. 10. Relationship of N2O, CO2, GWP, and GHGI with the IWP (n = 24) and PFPN (n = 18). ‘* *’ represent significance at 0.01 probability level

lowered by 61.72% and 70.40%, and GHGI by 74.37% and 79.78%
compared to IHFH, respectively. Hence, strategies for mitigating GWP in
arid regions should focus on reducing N2O emissions rather than CH4,
and improving crop yields to reduce GHGI. Overall, the negative rela-
tionship of GWP and GHGI with IWP and PFPN indicates that adopting
appropriate irrigation and N application would improve the economic
benefits of alfalfa production by saving input costs and mitigating the
environmental impacts by lowering GWP and GHGI in arid regions of
northwest China.

5. Conclusions

Results from this study showed that high irrigation regimes have the
potential to boost alfalfa productivity in arid regions but at the cost of
high GHGs emissions and low resource use efficiency. On the other
hand, low N application was more conducive to promoting alfalfa
yields and resource use efficiency with minimal environmental impacts
compared to high N application rates. The IMFL and IHFL were the best
treatment combinations that resulted in the highest alfalfa yields and
lowered cumulative GHGs emissions. However, IMFL resulted in higher
IWP and PFPN, as well as lower GWP and GHGI compared to IHFL. Over-
all, our findings suggest that appropriate irrigation and N management
strategy that matches crop demands would reduce GHGs emissions by
increasing resource use efficiency without compromising alfalfa pro-
ductivity in the arid region of northwest China. Nevertheless, the cli-
matic variations in different arid regions, particularly precipitation
amounts and soil properties, may significantly influence the relation-
ship between the resource use efficiency and GHGs emissions in differ-
ent alfalfa growing years, and the optimized irrigation and N manage-
ment in this study may not be conducive to optimal alfalfa productivity
and GHG mitigation in other arid regions. Therefore, future long-term
studies are recommended to focus on irrigation and N management
strategies in different arid areas with variable precipitation patterns
and soil types to better determine how climatic variation affects treat-
ment efficacy on resource use efficiency, alfalfa forage yields, and
GHGs emissions.
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