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Abstract
The development of productively viable cropping systems with lower environmental footprints to maintain sustainable agricul-
ture in arid areas is urgently needed. Increasing crop diversity usually improves system productivity; however, the effects of crop
diversification on the carbon footprint and the sustainability of a cropping system remain unclear. A 3-year field experiment
(2018–2020) was conducted in northwestern China to determine the carbon footprint and productivity of five cropping systems,
including spring wheat-common vetch/maize double relay cropping (three crops a year), wheat-maize intercropping (two crops a
year) wheat-common vetch multiple cropping (two crops a year), monoculture maize (one crop a year), and monoculture wheat
(one crop a year). The grain yield for wheat-common vetch/maize double relay cropping (the former) was higher by 8.7% in 2020
as compared to wheat-maize intercropping (the latter). For the same two cropping systems, the energy yield of the former was
higher by 9.5–25.1% over 3 years. The carbon footprints of the former system were respectively 5.3%, 14.3%, 16.4%, and 7.4%
lower than that of the latter in terms of unit area, kg grain yield, unit energy yield, and unit of economic output. Four carbon
footprints of the former systemwere lower by 12.2%, 27.9%, 37.6%, and 29.6% compared with monoculture maize. The highest
sustainability index was observed for a three crops per year system (0.94), due to higher productivity and a lower carbon
footprint. This is the first demonstration that increased diversity via double relay cropping on the same plot annually maintained
productivity without increasing the carbon footprint in arid irrigation areas. The results partly confirm the positive effect of
diversified cropping systems by integrating multiple cropping green manure into an intercropping system. Adopting a diversified
strategy exemplified by spring wheat-common vetch/maize double relay cropping contributes to improvements in sustainable
crop production in arid, irrigated areas.
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1 Introduction

Global warming and its impact on human-related activities is a
major worldwide challenge in the 21st century (Cuello et al.
2015; Viguier et al. 2021), primarily because of an increase in
greenhouse gas (GHG) emissions (Huang et al. 2019; Raji and
Drsch 2020). The agricultural production sector contributes
approximately 15% of the total emissions, and farming

operations and related agriculture practices resulted in consid-
erable GHG emissions (Hu et al. 2013; Wang et al. 2021). A
primary source of farmland GHG emissions is inputs of chem-
ical fertilizer, manure, crop residues, and various biochemical
processes in soil (Akhtar et al. 2020). The term “carbon foot-
print” was introduced into agricultural research as an estimate
of the total amount of CO2 emissions directly and indirectly
caused by agricultural production (Gan et al. 2011; Liu et al.
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2016). Reducing the carbon footprint and improving the re-
source use efficiency of agriculture would contribute to the
development of sustainable agriculture (Benbi 2018; Taki
et al. 2018). However, global food and energy security must
be based on the input of chemical fertilizers and other agricul-
tural materials to feed a growing population in the future (Sun
et al. 2021; Wang et al. 2018). A great conflict exists between
guaranteed food security and decreased environmental costs
of agriculture. Finding new and alternative ways to sustain or
boost crop yield with a lower carbon footprint is becoming an
increasingly urgent need for agriculture production and miti-
gating climate change.

Lowering the carbon footprint of agriculture can be
achieved through adopting best management practices
for cropping systems (Benbi 2018; Yang et al. 2014),
such as efficiently applying fertilizer (Hu et al. 2013),
planting green manure (Lee et al. 2010; Yao et al.
2017), optimizing tillage (Zotarelli et al. 2012), and
adopting diversified cropping systems (Rodriguez et al.
2021; Yang et al. 2014). Diversified cropping systems
such as intercropping or crop rotation have recently
been receiving increased attention regarding the reduc-
tion of agricultural carbon emissions (King and
Hofmockel 2017; Viguier et al. 2021; Wang et al.
2018). Crop diversification has the distinct advantage
of niche differentiation in time and space (Agegnehu
et al. 2008; Li et al. 2001), which can effectively pro-
mote complementary utilization and realize the highly
efficient utilization of resources (King and Hofmockel
2017; Wang et al . 2018; Zhang and Li 2003).
Diversified crop combinations could affect which factors
determine the soil GHG flux. For instance, previous
studies have shown that intercropping systems enhance
soil aggregates, soil organic carbon, and soil total nitro-
gen, which can effectively reduce the loss of nutrients
from fields (Gan et al. 2014; Sun et al. 2021). In addi-
t ion , grea ter c rop diver s i ty s t imula tes above-
belowground interactions, increasing the community di-
versity of soil microbial, and improving nutrient uptake
and soil water utilization (Zhang et al. 2021). Therefore,
diversified cropping systems provide important and
valuable ecological and economic benefits. And the
practice has been used for crop production to narrow
the gap between actual and potential yields and to mit-
igate GHG emissions (Fan et al. 2021). In general, di-
versified cropping systems implemented by combining
different crops safeguarded crop yield and mitigated en-
vironmental risk (Liu et al. 2016; Qin et al. 2013),
optimized nitrogen fertilizer, tillage, and straw manage-
ment (Gan et al. 2012; Yin et al. 2017). All these stud-
ies have demonstrated that using diversified cropping
systems provides a powerful tool for developing sustain-
able agriculture. However, in many studies of

diversified cropping systems, crop diversity was in-
creased via a single diversification strategy such as
intercropping, multiple cropping, or a crop rotation sys-
tem (Rodriguez et al. 2021; Viguier et al. 2021). Few
studies investigated the relationship between the carbon
footprint or sustainability and the crop diversity of a
cropping system on the same plot annually, which con-
tributed to the lack of a scientific basis for establishing
more e f f i c i en t d ive r s i f i ed c ropp ing sys t ems .
Accordingly, the implementation of a more diversified
system based on a combination of several crop diversi-
fication schemes for crop production is needed.

In arid irrigation areas, a shortage of heat resources
contributes to the difficulty of developing a more diver-
sified cropping system via the integration of convention-
al crops (Chai et al. 2013; King and Hofmockel 2017).
Green manure crops have become a valuable tool for
increasing crop diversity in cropping systems as they
have a flexible growing season and lower heat require-
ments (Gentsch et al. 2020; Rodriguez et al. 2021).
Leguminous green manure crops are generally employed
as additional crops after the spring wheat harvest in arid
irrigation areas (Fig. 1a). Multiple cropping with green
manure crops plays a vital role in improving crop di-
versification and increasing the primary crop yield (Fan
et al. 2021; Rodriguez et al. 2021). In addition to in-
creasing crop diversity, green manure crops also have
the benefits of alleviating some negative environmental
impacts of agriculture; e.g., the application of legumi-
nous green manure sustained rice productivity without
increasing methane emissions (Haque et al. 2013), and
also decreased nitrate leaching by inhibiting soil nitrifi-
cation (Gao et al. 2020; Lee et al. 2010). Leguminous
green manure coupled with cereal-based cropping sys-
tems added extra nitrogen to crops (Fan et al. 2021;
Plaza-Bonilla et al. 2016), simultaneously replacing
some of the chemical fertilizer and potentially reducing
the carbon footprint (Lee et al. 2010; Zotarelli et al.
2012). However, other studies have indicated that the
application of leguminous green manure contributed to
an increase in GHG emissions and the total global
warming potential in paddy fields because of the de-
composition of green manure by methanogenic archaea
(Kim et al. 2013). Previous results have indicated that
green manure application increased the yield of primary
crops, but its ability to reduce GHG emissions in crop
production is questionable. In addition, green manure
app l i ca t ion was implemen ted v ia ro t a t ion o r
intercropping with primary crops in these studies (Fan
et al. 2021; Miyazawa et al. 2009). It has not yet been
integrated into a diversified cropping system to further
enhance the productivity and sustainability of a com-
bined system.
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The establishment of more diversified cropping sys-
tems to achieve the multiple goals of cleaner agriculture,
sustainability, and improved economic benefit in arid ir-
rigation areas is urgent. Spring wheat and maize are the
two main food crops grown in arid irrigation areas, and
the two crops are usually intercropped in an intensive
cropping system (Fig. 1b). This practice has been proven
as a high-yield diversified cropping system, but at the cost
of higher GHG emissions (Hu et al. 2017; Yin et al.
2017). Therefore, we introduced spring wheat and maize
as primary crops and common vetch as a green manure
crop to determine how increasing crop diversity via sev-
eral crop diversification measures on the same plot annu-
ally affects crop productivity, the carbon footprint, and
sustainability of a cropping system. Based on a carbon
footprint calculation by life cycle assessment (LCA)
(Yao et al. 2017; Sun et al. 2020), our overall objective
was to achieve environmentally friendly agriculture by
decoupling a higher yield from a higher carbon footprint
in a diversified cropping system. We aimed to determine
(i) the response of crop productivity and soil GHG emis-
sions to different crop diversity levels, (ii) the carbon
footprint of different cropping systems per unit area, per
grain yield, per energy yield, and per economic output,
and ( i i i ) s u s t a i n ab l e c ropp ing sy s t ems us i ng

productivity- and carbon footprint–related variables to
support agriculture production in arid irrigation areas.
We hypothesized that increased crop diversity on the
same plot annually could safeguard or even boost crop
productivity without increasing the environmental risk.

2 Materials and methods

2.1 Study sites

This study was carried out from 2018 to 2020 at
Huangyang Town (37°34′ N, 102°94′ E) in Wuwei City
in northwestern China. The mean annual precipitation is
approximately 200 mm (1960–2015), and rainfall mainly
occurs in late July through October (Fig. S1). The long-
term annual average air temperature is 7.3 °C, and the
accumulated air temperature greater than 10 °C is 2975
°C. The frost-free period is 156 days. Thus, this area is
suitable for developing multiple cropping systems, and
wheat-maize intercropping is commonly employed there
to increase crop diversity (Hu et al. 2017; Yin et al.
2017). The soil type is an Aridisol whose total nitrogen
content, available phosphorous content, available potassi-
um content, and organic matter content in the top 40 cm

c d 
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Fig. 1 Multiple cropping with leguminous green manure crops after
spring wheat harvest (a) and spring wheat-maize intercropping systems
in arid irrigation areas (b). All photographs by the authors. Growth

periods of different cropping systems (c) and the field layout of the
intercropping systems (d).
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soil are 0.78, 29.2, 152.6, and 14.3 g kg-1, respectively.
This experimental site is representative of the agricultural
land in this region.

2.2 Experimental design and management

In 2018 to 2020, a field experiment was conducted on land
used for conventional cropping with spring wheat (cv. Ning-
chun 4) and maize (cv. Xian-yu 335). Common vetch (cv.
Sujian 3) is a green manure crop that can be used for multiple
cropping after the wheat harvest. Employing these three crops,
cropping systems to implement three different crop diversity
levels were established: (i) monoculture spring wheat and
monoculture maize (theW andM treatments, one crop a year),
(ii) spring wheat- common vetch multiple cropping and spring
wheat-maize intercropping (the W-G and W/M treatments,
two crops a year), and (iii) spring wheat-common vetch/
maize double relay cropping (the W-G/M treatment, three
crops a year), for a total of five cropping systems. The growth
periods and the types of crops in the five cropping systems are
shown in Fig. 1c. The width of both the wheat andmaize strips
was 110 cm in the intercropping system. Three rows of maize
were alternated with seven rows of spring wheat with three
pairs of intercrop strips inserted in each intercropped plot. Six
rows of common vetch were planted after the wheat harvest in
the wheat-maize intercropping system (Fig. 1d). The maize
strips were deep-plowed in late fall each year. The maize
croplands were mulched with plastic film the following
spring, which is a common tactic for conserving soil water
and temperature in arid areas. The land was ploughed imme-
diately after the wheat harvest, followed by the planting of
common vetch. Common vetch as a green manure crop was
returned to the field by crushing and pressing it during the
flowering stage. The experimental plots were arranged in a
completely randomized design 7 m long × 7 m wide, with
each treatment replicated three times. Each treatment was con-
ducted on its assigned plot each year.

Each species of the crop was sown and harvested on the
same date whether in monoculture or intercropped. Maize and
wheat were planted at the same density in each cropping sys-
tem: maize at 82,500 plants per hectare and wheat at
6,750,000 plants per hectare. The same area-based rate of
fertilizer was applied to a given crop in monoculture or in an
intercropping system. Nitrogen and phosphorus fertilizers
were applied as urea and diammonium phosphate. All fertil-
izer N and P in wheat and all fertilizer P in maize were top-
dressed before sowing. For maize, fertilizer N was applied
three times; 30, 50, and 20% of the total top-dressing prior
to sowing, at the jointing maize phenological stage, and at the
kernel blister maize phenological stage, respectively. Green
manure crops were not fertilized. All plots received 120 mm
irrigation in late fall. Supplemental irrigation of all maize plots
was applied at 75, 90, 75, 90, 75, and 75 mm at the seedling,

jointing, preheading, silking, flowering, and filling stages, re-
spectively. Supplemental irrigation of all spring wheat plots
was applied at 75, 90, and 75mm at the seedling, booting, and
grain-filling stages. Supplemental irrigation of all common
vetch plots was applied at 70 and 90 mm at the seedling and
budding stages, respectively. A drip irrigation system was
used for irrigation.

2.3 Measurements and calculations

2.3.1 System boundaries

Greenhouse gas emissions (GHG) in our study were based on
the LCA approach and considered all direct and indirect soil
GHG emissions (Yao et al. 2017). Direct GHG emissions
(GHGd) were the soil GHG emissions from complex reac-
tions. Indirect GHG emissions (GHGi) were due to different
farm management practices and agrochemical inputs, includ-
ing (i) every stage of the production of all crops, e.g., manu-
facture, storage, and transportation of agricultural inputs; (ii)
the GHG emissions due to the electricity used for irrigation;
(iii) and labor for planting, harvesting, and tilling. Changes in
the soil organic carbon storage for the 0–40-cm soil layer were
also included in the system boundary, which is shown sche-
matically in Fig. S2.

2.3.2 Soil direct greenhouse gas emissions

In this study, we considered soil CO2 and N2O emissions and
CH4 emissions as negligible since northwestern China is a
dryland area (Ceschia et al. 2010). For all cropping systems,
the soil GHG emission fluxes were measured at 15-day inter-
vals after wheat emergence. To ensure the data consistency,
we continued to monitor soil GHG emissions of monoculture
spring wheat after harvest until the green manure crop was
returned to the soil.

i. Soil carbon dioxide (CO2): Soil CO2 emission fluxes (FC)
were measured in each plot every 2 h each day from 8:00
to 20:00 using an LI-8100A system (LI–COR, 4647
Superior Street Lincoln, Nebraska USA). At 24 h before
measurement, the respiratory base was pushed 2–3 cm into
the soil, and the plastic filmwas removed from the location
of the respiratory base in maize. For intercropping, mea-
surements were taken for both crops by placing the respi-
ratory base in the wheat strips and the maize strips. The
soil CO2 flux of the intercropping system was calculated
as the average of the wheat, green manure, and the maize
crop strip.

The soil CO2 emission (CE) was calculated based on FC.
CE was calculated using the following formula from Zhang
et al. (2018):

88 Page 4 of 16 Z. Gou et al.



CE ¼ ∑
FC iþ1ð Þ þ FCi

2
tiþ1−tið Þ � 0:1584

� �
� 0:2727

� 24� 10 ð1Þ

where CE is the soil CO2 emission (kg C ha-1), FC is the soil
CO2 emission flux (μmol CO2m

2 s-1), i+1 and i are the current
and the last monitoring dates, respectively, t is the number of
days after wheat emergence, 0.1584 is a conversion factor for
mol CO2m

−2 s−1 to g CO2m
−2 h−1, and 0.2727 is a conversion

factor for g CO2 m
−2 h−1 to g C m−2 h−1.

ii. Soil nitrous oxide (N2O): Static chambers and gas chro-
matography were adopted to measure the soil N2O emis-
sion flux (FN). One chamber was placed on a stainless-
steel frame that was pushed 2–3 cm into the soil of each
plot. A measurement chamber was placed in each strip for
intercropping. Gas samples were collected with 50 ml
plastic syringes and then injected into an evacuated
50 ml bag at 0, 5, 10, and 15 min following chamber
closure. The gas samples were collected from 9:00 to
11:00 in the morning. We used gas chromatography
(Agilent 7890A, Agilent Inc., USA) to analyze the gas
samples. The soil N2O emission flux (mg·m-2·hour-1)
was determined by the following formula (Cui et al.
2019):

FN ¼ 273

273þ θ
� 14� 2

22:4
� 60� 10−3 � h� dc

dt
ð2Þ

where FN is the soil N2O emission flux (mg·m-2·hour-1), θ is
the air temperature in the chamber at the sampling time, 14 is
the molecular weight of N, 2 is the number of N molecules in
N2O, 22.4 is the molar volume of an ideal gas, h is the height
of the static chamber (cm), dc/dt is the slope of the regression
curve of the N2O concentration in the static chamber over
time. The soil N2O flux of the intercropping system was cal-
culated as the average of the value for the wheat or green
manure crop strip and the maize strip.

The soil N2O emission (NE) was calculated based of FN
using the formula of Cuello et al. (2015):

NE ¼ ∑
FNiþ1 þ FNi

2
� tiþ1−tið Þ � 0:24 ð3Þ

where NE is the soil N2O emission (kg N2O ha-1), FN is the
soil N2O emission flux, i+1 and i are the current and the last
monitoring dates, respectively, t is the number of days after
wheat emergence, 0.24 is a conversion factor for mol N2O
m−2 h−1 to g N2O m−2 day−1.

The direct soil GHG emission (GHGd) is the sum of the
CO2 equivalent of soil CO2 and N2O and was calculated as:

GHGd ¼ CEþ NE� 298 ð4Þ
where GHGd is the direct soil GHG emission (kg CO2-eq ha

-1)
caused by the soil CO2 and N2O emissions, CE is the soil CO2

emission (kg ha-1), NE is the soil N2O emission (kg N2O ha-1),
298 is the global warming potential indicator for N2O over a
period of 100 years (Akhtar et al. 2020).

2.3.3 Indirect GHG emissions

During the experimental period, data for fertilizer, plastic film,
diesel fuel, pesticide, electricity used for irrigation, labor, and
seeds were recorded for field management. The inputs to all
cropping systems in this study are shown in Table S1. Crop
residue, nitrate leaching, ammonia volatilization, and synthet-
ic N in the soil background converted to N2O emission are
relatively low (Yao et al. 2017). Therefore, these parts of N2O
emissions were not included in this study. The following for-
mula indicates how the indirect GHG emissions for all these
inputs were calculated (Zhang et al. 2018):

GHGi ¼ ∑Ii � Ci ð5Þ
where GHGi is the indirect GHG emission (kg CO2-eq ha

-1), Ii
is the amount of input, and Ci is the index of CO2 equivalent
emissions. The amount of every input and its index of CO2

equivalent emission in this study is shown in Table S1.

2.3.4 Variation in soil organic carbon storage

Soil samples from the 0–20 and 20–40 cm layers were col-
lected before crop seeding in 2018 and after the green manure
was returned to the soil in 2020. The soil bulk density of the 0–
20 and 20–40 cm layers was measured at the same time for
calculating soil organic carbon content (SOC) storage. The
SOC was determined by using the potassium dichromate
wet combustion method (Bao 2005). For intercropping, the
SOC of the wheat or green manure crops strips and maize
strips was determined from soil samples collected for each
of the intercrops. The SOC of the intercropping system was
calculated as the average of the wheat or green manure crop
strip and the maize strip. The variation in SOC storage in the
topsoil for the different treatments is shown in Fig. S3. The
SOC storage and the variation in SOC storage (ΔSOC) were
calculated as (Sun et al. 2021):

SOC storage ¼ ∑n
i¼1 Ci � BDi � Zið Þ � 10 ð6Þ

ΔSOC ¼ SOCa−SOCb

3
� 44

12
ð7Þ

where Ci is the SOC concentration of the ith layer (g kg-1),
BDi is the bulk density of the ith layer (g cm- 3), and Zi is the
depth of the ith layer (cm). The ΔSOC is the variation in the
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soil organic carbon storage (kg CO2-eq ha-1 year-1), and the
SOCb and SOCa are the values of the SOC storage in the 0–
40 cm topsoil layer before crop seeding in 2018 and after the
green manure was returned to the soil in 2020, respectively.
The number 3 represents the experimental duration, and 44/12
is a conversion factor for C to CO2.

2.3.5 Net soil GHG balances

Farmland is both a source of GHG emissions and a pool for
carbon sequestration. The net soil GHG balance (NGHGB)
estimates the capacity for carbon sequestration of the different
cropping systems and was defined as the net soil GHG emis-
sions source (positive) or the soil GHG sink (negative) (Wang
et al. 2021). In this study, we calculated the NGHGB for each
cropping system based on direct soil GHG emissions and
variation of the soil organic storage carbon. Thus, we estimat-
ed the NGHGB by the following formula:

NGHGB ¼ GHGd−ΔSOC ð8Þ
where the NGHGB is the net soil GHG balances of each
cropping system (kg CO2-eq ha-1 year-1), the ‾GHGd (kg
CO2-eq ha-1 year-1) is the average of direct soil GHG emis-
sions of each cropping system in three years, theΔSOC is the
variation in the soil organic carbon storage during the study
period.

2.3.6 Grain yield and energy yield

The grain yield and wheat biomass were determined for a 2.5
m2 area and for 6 m of two rows. The common vetch biomass
was determined from a 4 m2 area. Ears of wheat and maize
were hand-harvested from quadrants in all cropping systems,
air dried, threshed, and weighed. The grain yield of each crop
was determined based on the air-dried weight obtained for a
given plot, and the biomass of each crop was oven-dried to a
constant weight at 80°C.

Energy yield (EY): For each crop, the energy yield (GJ
ha-1) was calculated by multiplying the grain and straw yield
(kg ha-1) by their corresponding calorific values (MJ kg-1).
This parameter provides a measure of the system productivity
in a cropping system that includes different crop species. The
formula is (Chai et al. 2013):

EY ¼ Yg � Eg þ Ys � Es þ Ym � Em
� �� 10−3 ð9Þ

where Yg and Ys are the grain and straw yield of wheat or
maize, and Eg and Es are their calorific values, respectively.
Ym and Em are biomass of common vetch and its calorific
value, respectively. The grain calorific value for wheat and
maize is 16.3 MJ kg-1; the straw calorific value for wheat,
maize and common vetch is 14.6 MJ kg-1 (Chen 2002).

2.3.7 Carbon footprint

We estimated the carbon footprint of different cropping sys-
tems from multiple perspectives, including the carbon foot-
print per unit area (CFA), per kg grain yield (CFGY), per unit of
energy yield (CFEY), and per unit of total economic output
(CFEC). The total economic output of the primary crop was
calculated according to its grain and straw yield (kg ha-1),
multiplied by its annual price ($ kg-1). The total economic
output, production cost, and net economic output are shown
in Table S2. The grain prices of wheat and maize were respec-
tively 0.331 and 0.302 US$ kg-1, and the straw prices of wheat
and maize were 0.075 and 0.030 US$ kg-1, where 1 US$ is
equal to 6.809 (http://olap.epsnet.com.cn). The calculation
formulas are:

CFA ¼ CEd þ CEi−ΔSOC ð10Þ

CFGY ¼ CFA
Grain yield

ð11Þ

CFEY ¼ CFA
Energy yield

ð12Þ

CFEC ¼ CFA
Econominc output

ð13Þ

where CFA, CFGY, CFEY, and CFEC are the carbon footprint for
each cropping system per unit area (kg CO2-eq ha-1 year-1),
per kg grain yield (kg CO2-eq kg-1 year-1), per unit of energy
yield (kg CO2-eq GJ-1 year-1), and per unit of total economic
output (kg CO2-eq US $-1 year-1), respectively.

2.3.8 Sustainability evaluation

A sustainability index (SI) for each cropping system was cre-
ated based on the carbon footprint, the output, and the soil
organic carbon storage integrated as a whole. The SI was used
to determine the cropping system that had the highest produc-
tivity with the lowest carbon footprint; a cropping systemwith
a higher index is more environmentally friendly and more
sustainable. To ensure that the evaluation component could
be compared quantitatively, the variables were non-
dimensionalized. Three equations were used to determine
the SI (Chai et al. 2013):

α1xij ¼ xij
xmax

i ¼ 1; 2; 3; 4; 5
j ¼ 1; 2; 3; 4

� �
or α2xij

¼ xmin

xij

i ¼ 1; 2; 3; 4; 5
j ¼ 5; 6; 7; 8; 9

� �
ð14Þ

where αx ij is a standardized value (0 < αx ij ≤ 1) at the ith
treatment and the jth parameters in Fig. 5b, where EC, GY,
EY and ΔSOC are assigned to j (= 1,2,3,4) or CFA, CFGY,
CFEY, CFEC and NGHGB are assigned to j (= 5,6,7,8,9),
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respectively. xij is the corresponding actual value for the treat-
ment i and parameter j; and x max and x min are the maximum
and minimum values for each evaluation component.

βxij ¼
1

α1xij

�
ffiffiffiffiffi
1

m

r
∑m

i¼1 α1xij−α2xij
� �2 i ¼ 1; 2; 3; 4; 5

j ¼ 1; 2; 3:…::8; 9

� �
ð15Þ

where βx ij is the coefficient of variation for each parameter
and m is the maximum number for i or j.

SI ¼ ∑m
j¼1 αxij �

βxij
∑m

j¼1βxij

 !
i ¼ 1; 2; 3; 4; 5

j ¼ 1; 2; 3:…::8; 9

� �
ð16Þ

2.4 Statistical analysis

The SPSS 26.0 software (SPSS Institute Inc, USA) was used
to analyze the experimental data. The experimental data were
subjected to an analysis of variance (ANOVA) individually
for each year. The least significant difference (LSD) test was
used to compare the treatment means with p< 0.05.

3 Results and discussion

3.1 Soil direct GHG emissions

3.1.1 Soil direct GHG emissions of different cropping systems
during the entire growth period

The weighted average calculation indicated that in-
creased crop diversity mitigated the total direct GHG
emissions during the entire growth period (Table 1).
There was no difference in soil GHG emissions between
the W-G/M and W/M treatments over 3 years. Except in
2018 when soil GHG emissions of the W-G/M and W-
G treatments showed no significant differences, soil
GHG emissions for the W-G/M treatment were 16.2%
and 12.2% less in 2019 and 2020, respectively, than
soil GHG emissions for the W-G treatment. The total
direct GHG emissions for the W-G/M and W/M treat-
ments were respectively 9.9–14.2% and 9.3–15.7% low-
er than that of the M treatment for 3 years. The W-G
treatment showed significantly increased total soil GHG
emissions of 21.7% and 31.6% in comparison to the W
treatment in 2019 and 2020, respectively. The results
indicated that increased crop divers i ty due to
intercropping reduces direct soil GHG emissions in
comparison to monoculture and multiple cropping

during the entire growth period. This is consistent with
the findings of Cui et al. (2019), who reported that the
carbon emissions of maize-based intercropping systems
were respectively reduced by 38.0% and 15.3% in com-
par i son to monocul ture and ro ta t ion sys tems.
Conversely, however, other studies observed that the
soil GHG emissions of intercropping systems may in-
crease soil GHG emissions (Raji and Drsch 2020; Wang
et al. 2021). These contrasting results might be possibly
due to different growth periods and inputs of organic
matter that were derived from the selection of diversi-
fied intercropped crops (Gentsch et al. 2020).

3.1.2 Soil direct GHG emissions of farmland for different
growth periods

The soil cumulative GHG emissions for the wheat production
period (WP) and the non-wheat production period (NWP) for
the two-component crop farmlands under different cropping
systems are shown in Table 1. For all cropping systems, most
of the GHG emissions occurred during the NWP, accounting
for 55.2–66.1% of total soil GHG emissions. The WP and
NWP respectively resulted in 40.1% and 59.9% of total
GHG emissions for the W treatment. The WP and NWP re-
spectively resulted in 41.7% and 58.3% of the total GHG
emissions for the M treatment. The presence of wheat in two
intercropping systems decreased the proportion of GHG emis-
sions during the NWP and increased the proportion of GHG
emissions during the WP compared to monocultured wheat.
The presence of maize in the W-G/M treatment decreased the
proportion of GHG emissions during the NWP and increased
the proportion of GHG emissions during the WP compared to
monocultured maize. No difference in the proportion of GHG
emissions during the WP and the NWP between the maize in
the W/M and M treatments was seen.

Over the 3 years, increasing crop diversity via
intercropping mitigated direct GHG emissions of the com-
ponent crop (Table 1). The cumulative soil GHG emis-
sions of maize in the W-G/M and W/M treatments were
respectively 5.8–11.0% and 5.3–11.7% lower than that of
the M treatment. The cumulative soil GHG emissions of
wheat (common vetch) in the W-G/M treatment were 8.4–
17.3% lower than that of the W-G treatment, and no dif-
ference in the cumulative GHG emissions of wheat was
observed between the W/M and W treatments during the 3
years, which showed that a diversified cropping system
mitigated soil GHG emissions during the high emission
period compared cropping systems with less crop diversi-
ty. Additionally, increased crop diversity has contributed
to lower soil GHG emissions in the maize and wheat
strips simultaneously. These trends may be key consider-
ations in reducing farmland soil GHG emissions by im-
plementing diversified cropping systems. Lisa et al.
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(2012); Qin et al. (2013) also observed that soil GHG
emissions of intercropped crops were mitigated compared
with monoculture systems. We speculated that the differ-
ences in direct GHG emissions from the various cropping
systems were possibly caused by interspecific interactions
in the diversified cropping systems because interspecific
interactions could improve resource utilization efficiency
spatially and temporally (Li et al. 2001), which contribut-
ed to the mitigation of soil GHG emissions (Hu et al.
2013; Zhang and Li 2003). Diversified cropping systems
such as wheat-maize intercropping could decrease nitrate
accumulation in the soil profile compared to a monocul-
ture system (Zhang and Li 2003), thus reducing the sub-
strates for soil respiration and nitrification (Gao et al.
2020). Previous studies also have demonstrated that
intercropping and rotation reduce soil GHG emissions,
related to the higher efficiency of recapturing NH4+ and
NO3

- (Shen et al. 2018). With increasing facilitation in-
teractions, diversified cropping systems could use soil
moisture more effectively (Hu et al. 2017), and optimize
soil aggregates stability and soil organic sequestration
(Zhang and Li 2003; Zhang et al. 2021). Furthermore,

an increase in crop diversification could stimulate specific
functional traits of soil microbial (Duchene et al. 2017;
King and Hofmockel 2017).

In the present study, spring wheat-common vetch
multiple cropping increased direct GHG emissions for
a longer time compared with monoculture spring wheat.
These results are in accord with those of previous stud-
ies (Kim et al. 2013; Yao et al. 2017), which also
reported that the application of green manure crops
drastically increased soil GHG emissions. Moreover,
other researchers believed that the application of green
manure caused substantial soil N2O emissions because it
created a pool of readily available N due to the incor-
poration of leguminous green manure (Fan et al. 2021;
Haque et al. 2015). The leguminous green manure could
have resulted in a high release of root exudates in
monoculture and multiple cropping systems in the ab-
sence of interspecific interactions (Miyazawa et al.
2009), thus promoting soil respiration and nitrification
(Kim et al. 2013). Nonetheless, integrated green manure
crops into a wheat-maize intercropping system may con-
tribute to the reduction of soil GHG emissions due to

Table 1 Soil cumulative direct GHG emissions of different cropping
systems in 2018, 2019, and 2020. WP is the wheat production period;
NWP is the non-wheat production period and EGP is the entire growth
period of crops. In non-wheat production period, wheat strip represented
common vetch strip and summer fallow strip in two intercropping
systems, respectively. Total GHG emissions are the weighted average

of the emissions by the two-component crop. W-G/M is spring wheat-
common vetch/maize double relay cropping, W/M is wheat-maize
intercropping, M is monoculture maize, W-G is spring wheat- common
vetch multiple cropping, W is monoculture spring wheat. The value of
LSD was for all the treatments in the column (p<0.05).

Year Treatment WP
kg CO2-eq ha

-1
NWP
kg CO2-eq ha

-1
EGP
kg CO2-eq ha

-1

Maize Wheat Total Maize Common vetch/Fallow Total Maize Wheat Total

2018 W-G/M 2508 2113 2311 3534 2850 3192 6042 4963 5502

W/M 2574 2148 2361 3630 2808 3219 6204 4956 5580

M 2729 2729 3687 3687 6416 6416

W-G 2268 2268 3284 3284 5552 5552

W 2204 2204 3188 3188 5392 5392

LSD (0.05) 213 214 178 108 170 189 206 475 354

2019 W-G/M 3261 2614 2938 4578 5026 4802 7839 7640 7740

W/M 2941 3135 3038 4508 4346 4427 7449 7481 7465

M 3263 3263 4969 4969 8232 8232

W-G 3799 3799 5443 5443 9242 9242

W 2965 2965 4630 4630 7596 7596

LSD (0.05) 377 389 216 171 351 335 374 448 412

2020 W-G/M 3317 3699 3508 4288 4599 4443 7605 8297 7951

W/M 3349 3344 3346 4192 3716 3954 7541 7060 7301

M 3671 3671 4872 4872 8543 8543

W-G 3698 3698 5360 5360 9058 9058

W 2988 2988 3896 3896 6884 6884

LSD (0.05) 317 476 472 473 451 312 826 703 833
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interspecific interactions resulting in a higher soil nutri-
ent utilization efficiency in the diversified cropping
systems.

3.2 Indirect GHG emissions

In addition to direct GHG emissions from soil, various agri-
cultural operations such as the labor expended for sowing and
harvesting, the electricity used for irrigation, and the inputs of
all agricultural materials also indirectly contribute to GHG
emissions (Liu et al. 2016; Taki et al. 2018). In the present
study, crop diversification increased indirect GHG emissions
compared with monoculture (Fig. 2). The indirect GHG emis-
sions of theW-G/M treatment were only 3.3% higher than that
of the W/M treatment, while the W-G treatment increased the
indirect GHG emissions by 27.4% compared to the W treat-
ment. The magnitude of the indirect GHG emissions increased
by 26.4% and 21.6% in the W-G/M and W/M treatments,
respectively, compared with the M treatment. Cui et al.
(2019) reported that maize-based diversified cropping systems
increased indirect GHG emissions by 65.2% compared with a
monoculture maize system. These differences were mainly
due to different amounts of electricity for different amounts
of irrigation. Furthermore, the use of plastic film leads to
higher indirect emissions, accounting for 29.1–37.8% of total
indirect emissions in intercropping and monoculture maize
systems. Higher chemical fertilizer input is one of the reasons
for the high indirect GHG emissions of monoculture maize,
accounting for 25.4% of the total indirect GHG emissions.
Higher inputs of chemical fertilizer and wheat seeds were

responsible for higher indirect GHG emissions in the W-G
and W treatments, respectively, accounting for 19.1–25.5%
and 27.3–34.8%. Sun et al. (2020) reported that indirect
GHG emissions of maize-based intercropping systems were
higher by 31.3% in northwest China because of higher inputs
of plastic film and electricity in diversified cropping systems.
Conversely, studies from North America and the Canadian
prairie have found that the diversified cropping systems could
decrease agricultural production inputs and reduce indirect
carbon emissions (Zentner et al. 2011; Zhou et al. 2012).
These contrasting results regarding indirect GHG emissions
might be due to the different types of diversified crops result-
ing in differences in agricultural inputs in various study areas.
In arid irrigation areas, plastic filmmulching and irrigation are
vital for crop production and might increase indirect GHG
emissions (Yin et al. 2017; Zhou et al. 2012).

3.3 Crop productivity

Crop diversification has attracted increasing attention as an
effective strategy to improve or maintain crop productivity
(Agegnehu et al. 2008; Beillouin et al. 2021). Intercropping
systems as a spatial diversification practice have been widely
demonstrated to improve grain yield by 20% (Li et al. 2001;
Wang et al. 2021; Chai et al. 2021). Our results also show that
diversified cropping systems promote crop productivity in ar-
id irrigation areas. Increasing crop diversity via intercropping
significantly increased crop productivity compared to other
cropping systems in this study (Table 2). No differences in
the total grain yield were found between theW-G/M andW/M

Fig. 2 Contributions of the
different inputs of indirect GHG
emissions in different cropping
systems. W-G/M is spring wheat-
common vetch/maize double
relay cropping, W/M is wheat-
maize intercropping, M is
monoculture maize, W-G is
spring wheat-common vetch
multiple cropping, W is
monoculture spring wheat.
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treatments in 2018 and 2019, except in 2020 when the total
grain yield of theW-G/M treatment was 8.7% higher than that
of the W/M treatment. Over the study period, the total grain
yield was increased by 9.2–17.0% for the W-G/M treatment
and 7.2–11.1% for the W/M treatment in comparison to the M
treatment. No differences in grain yield were observed among
the W-G and the W treatments in 2018 and 2019, except in
2020 when the total grain yield of the W-G treatment was
15.1% higher than that of the W treatment. The energy yield
of the W-G/M treatment was 9.5–25.1% greater than the en-
ergy yield of the W/M treatment, and 19.4–65.8% and 12.6–
48.9% higher than that of the M treatment over the 3 years.
The W-G treatment had a higher energy yield of 23.5–30.0%
than the W treatment over the 3 years. These results indicated
that the W-G/M treatment could increase crop yield if the
experiment duration was extended, compared to the W//M
treatment, because the W-G/M treatment introduced a green
manure crop during the fallow period. The planting of legu-
minous green manure crops has been widely demonstrated to
improve primary crop productivity (Haque et al. 2013; Fan
et al. 2021;). It is possible that leguminous green manure in-
troduced during the fallow period could improve the soil
microbiome and consequently, soil health (Plaza-Bonilla
et al. 2016; Wang et al. 2022), which would increase primary
crop productivity.

Compared with the W-G treatment, the grain yield of the
intercropped wheat in the W-G/M treatment was improved by
44.6% and 25.5% on the same area basis in 2018 and 2019,
respectively, and no differences in the grain yield of wheat
were found for the W-G/M and W-G treatments in 2020
(Table 2). Compared with the M treatment, the grain yield of
the intercropped maize was increased by 46.4–82.5% and
51.9–64.7% for the W-G/M and W/M treatments on the same
area basis, respectively. Particular crops in diversified
cropping systems showed significantly higher grain yields
over cropping systems with less crop diversity. The increases
in grain yield in diversified cropping systems are primarily
due to complementary effects when diverse crops are planted
in the same field annually (Zhang and Li 2003; Chai et al.
2021).

3.4 Net soil GHG balances and carbon footprint

3.4.1 The NGHGB of different cropping systems

An effective method to estimate the carbon budget of an
agroecosystem is to calculate the net soil GHG balance
(NGHGB), which reflects the capacity for carbon sequestra-
tion in a farmland (Wang et al. 2021). Our results showed that
all the cropping systems functioned as net GHG emissions

Table 2 The grain yield and energy yield of maize, wheat, and green
manure crops in different cropping systems in 2018, 2019, and 2020.
Total yields are the sum of the yields produced by the two-component
crop. W-G/M is spring wheat-common vetch/maize double relay

cropping, W/M is wheat-maize intercropping, M is monoculture maize,
W-G is spring wheat-common vetch multiple cropping, W is
monoculture spring wheat. The value of LSD was for all the treatments
in the column (p<0.05).

Year Treatment Grain yield (kg ha-1) Energy yield (GJ ha-1)

Maize Wheat Total Maize Wheat Common vetch Total

2018 W-G/M 9839.5 4840.1 14679.6 210.5 168.7 58.1 437.3

W/M 10255.3 4671.9 14926.2 262.7 136.8 399.5

M 13441.5 13441.5 353.5 353.5

W-G 6696.6 6696.6 190.3 112.8 303.1

W 6675.9 6675.9 233.4 233.4

LSD (0.05) 1166.2 450.5 682.1 97.8 56.2 36.8

2019 W-G/M 9591.3 4118.7 13709.0 298.5 135.3 47.6 481.5

W/M 9051.4 3731.9 12782.4 285.5 165.2 450.7

M 11920.2 11920.2 403.4 403.4

W-G 6588.1 6588.1 270.3 68.5 338.8

W 6203.0 6203.0 274.2 274.2

LSD (0.05) 2122.3 513.8 1133.2 126.1 58.3 28.9

2020 W-G/M 10907.2 3071.4 13978.6 340.1 185.0 56.3 581.5

W/M 9840.4 3016.6 12855.9 273.3 191.4 464.7

M 11952.0 11952.0 313.0 313.0

W-G 6761.2 6761.2 256.2 65.8 322.0

W 5874.2 5874.2 25.0 250.1

LSD (0.05) 1337.3 407.4 781.6 10.9 5.8 69.1
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resources (Fig. 3). The NGHGB of the W-G/M treatment was
respectively 15.1% and 18.4% lower than the NGHGB of the
W/M and W-G treatments. The NGHGB of the W-G/M treat-
ment was 35.4% lower in comparison to the M treatment. No
difference in the NGHGB was seen between the W-G and W
treatments, indicating that increased crop diversity due to
intercropping contributed to mitigating the NGHGB and im-
proving soil carbon sequestration.

3.4.2 Carbon footprint of different cropping systems

Evaluations from multiple perspectives have been widely
used for the analysis of the carbon footprint and sustain-
ability of different cropping systems (Huang et al. 2019;
Sun et al. 2021). We determined that the carbon footprint
of each cropping system from an integral agroecosystem
perspective (CFA, CFGY, CFEY, CFEC) to lower applying
single index trade-offs lead to one-sided conclusions
(Huang et al. 2019; Liu et al. 2016). The CFA, CFGY,
CFEY, and CFEC of the W-G/M treatment were respec-
tively 5.3%, 14.3%, 16.4%, and 7.4% lower than those
of the W/M treatment (Fig. 4). Compared with the W-G
treatment, the CFGY, CFEY, and CFEC of W-G/M treat-
ment were respectively decreased by 51.2%, 30.9%, and
33.6%. Additionally, the CFA, CFGY, CFEY, and CFEC of
the W-G/M treatment were respectively decreased by
12.2%, 27.9%, 37.6%, and 29.6% in comparison to the
M treatment. The CFA, CFGY, and CFEC of W-G treat-
ment were respectively increased by 22.6%, 14.8%, and
17.3% compared with the W treatment. No difference

was seen for the CFEY for the W-G and W treatments.
These results demonstrated that increased crop diversity
due to intercropping can significantly mitigate the carbon
footprint of cropping systems. A number of studies have
reported that crop diversification could decrease the car-
bon footprint for several reasons (Rodriguez et al. 2021;
Sun et al. 2021; Yang et al. 2014). Firstly, more diversi-
fied cropping systems had lower direct GHG emissions
than cropping systems with less diversity. Secondly,
more carbon was returned to the soil, supplying abundant
carbon resources for crops in diversified cropping, thus
promoting soil carbon sequestration (Ceschia et al. 2010;
King and Hofmockel 2017). Thirdly, diversified cropping
systems produced higher yields and had a greater eco-
nomic output than that of less diverse cropping systems.
Overall, our study confirmed that increased crop diversity
due to intercropping mitigate the carbon footprint by re-
ducing direct GHG emissions, and enhancing crop
productivity.

3.5 The sustainability of cropping systems

Sustainable crop production is essential for agriculture,
and more researchers are paying attention to the environ-
mental costs of crop production (Viguier et al. 2021).
However, most published studies generally focus on grain
yield, economic output, or soil nutrients, which may limit
the promotion of the potential advantages of cropping
systems (Agegnehu et al. 2008). Focusing on total grain
yield per unit of land alone is contrary to the goals of

Fig. 3 Net soil GHG balance
(NGHGB) of different cropping
systems. W-G/M is spring wheat-
common vetch/maize double
relay cropping, W/M is wheat-
maize intercropping, M is
monoculture maize, W-G is
spring wheat-common vetch
multiple cropping, W is
monoculture spring wheat. The
error bars indicate the standard
errors of the means (n=3). The
value in the figure is the least
significant difference (LSD) of all
treatments. The different
lowercase numbers above
indicate significant differences
between treatments (p < 0.05).
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sustainable agriculture (Chai et al. 2013; Lithourgidisa
et al. 2007). Specifically, studies that comprehensively
assess the performance of diversified cropping systems
in crop production are lacking, and this has been believed
to seriously hinder the development of diversified
cropping systems (Meynard et al. 2018; Viguier et al.
2021). Previous studies have also confirmed that crop
diversification measures may not always be positive and
might lead to environmental damage (Kim et al. 2013).
Therefore, a suitable integrated index based on multiple
factors is urgently needed to avoid the use of a single
factor that would lead to biased results regarding diversi-
fied cropping systems. In the present study, we integrated
nine key crop productivity- and carbon footprint-related
factors to determine a sustainability index (SI). We used
the SI to evaluate the sustainability or effectiveness of
various cropping systems currently adopted in the arid
inland areas of northwest China. The W-G/M treatment
had the highest SI (0.94) (Fig. 5a), which was respectively
12.6%, 35.0%, and 48.5% higher than that of the W/M,
M, and W-G treatments. The SI of the W/M treatment was
19.9% higher than that of the M treatment. In terms of

components, the M, W-G, and W treatments had lower
crop productivity and a relatively higher carbon footprint
(Fig. 5b). On the contrary, the W-G/M and W/M treat-
ments alleviated the environmental impacts present in
the other treatments and had relatively lower carbon foot-
prints, along with higher productivity and economic out-
put . Accordingly, increasing crop diversi ty via
intercropping significantly improved the SI of cropping
systems. The W-G/M treatment could maintain the eco-
nomic output since it achieved comparable or better crop
yield than the W/M treatment (Fig. 5b and Table S2),
implying that the yield increases of the primary crops
offset the negative effect of common vetch as green ma-
nure, which was unprofitable and only generated costs.
The W-G/M treatment was more sustainable and effec-
tive. These results confirmed our hypothesis that increas-
ing crop diversity on the same plot promoted crop pro-
ductivity without increasing the environmental risk. We
propose that integrating common vetch as green manure
into a wheat-maize intercropping system is a promising
approach for safeguarding crop productivity while reduc-
ing the carbon footprint in arid irrigation areas.

Fig. 4 Annual average carbon footprint per unit area (a), per kg grain
yield (b), per unit of energy yield (c), and per unit economic output (d) for
different cropping systems from 2018 to 2020. W-G/M is spring wheat-
common vetch/maize double relay cropping, W/M is wheat-maize
intercropping, M is monoculture maize, W-G is spring wheat-common

vetch multiple cropping, W is monoculture spring wheat. The error bars
indicate the standard errors of themeans (n=3). The value in each figure is
the least significant difference (LSD) of all treatments. The different
lowercase numbers above indicate significant differences between
treatments (p < 0.05).
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3.6 The limitation and outlook of this study

Some limitations might apply to the results of this study. Due
to the lack of local carbon emission factors to estimate indirect
GHG emissions, the emission factors we used in our study
were integrated with international emission factors (Gan
et al. 2011; Liu et al. 2013; Huang et al. 2019). Also, some
uncertainties are inherent in the carbon footprint calculations.
For instance, many types of plastic film and pesticides are
being used, and have no exact emission factors. The indirect
carbon emissions caused by the depreciation of farm machin-
ery, various farm operations, and labor are not negligible in an
LCA approach (Sun et al. 2021; Yang et al. 2014). The cal-
culated carbon footprint of this study could change if these
undefined energy terms were considered in the system bound-
ary. Soil carbon sequestration could have great potential to
mitigate the carbon footprint (Petersen et al. 2013). In this
study, only the NGHGB was used to estimate the capacity
for carbon sequestration in farmland. Net ecosystem produc-
tion (NEP) was not used to calculate carbon balance for the
agroecosystem (Yin et al. 2017), which would affect the car-
bon balance calculation.

This study only evaluated the sustainability of cropping
systems under conventional field management, but diversified
cropping systems can achieve much higher sustainability if
variety optimization, better fertilizer management, and better
tillage practices are employed (Rodriguez et al. 2021).
Furthermore, a sustainability evaluation of diversified
cropping systems as affected by irrigation water consumption
and labor use should be considered in future research.

Although 3 years is a short time for a sustainability evaluation,
the simplified index we determined bodes well for long-term
sustainability, evaluated by considering more comprehensive
components of diversified cropping systems.

4 Conclusions

This study analyzed four carbon footprints of diversified
cropping systems in arid irrigation areas. The results con-
firmed that increasing crop diversity on the same plot annually
could increase crop productivity per unit of arable land, and
the NGHGB and direct GHG emissions were also lower.
Accordingly, diversified cropping systems significantly re-
duced the carbon footprint when compared to cropping sys-
tems with less diversification. In 2020, the total grain yield of
the W-G/M treatment was 8.7% higher than that of the W/M
treatment. The energy yield of the W-G/M treatment was 9.5–
25.1% greater than the energy yield with the W/M treatment
over 3 years. The CFA, CFGY, CFEY, and CFEC of the W-G/M
treatment were respectively lower by 5.3%, 14.3%, 16.4%,
and 7.4% compared to the W/M treatment. Additionally, the
W-G/M treatment respectively reduced the CFGY, CFEY, and
CFEC by 51.2%, 30.9%, and 33.6% in comparison to the W-G
treatment. Compared with the M treatment, the CFA, CFGY,
CFEY, and CFEC of the W-G/M treatment were respectively
lower by 12.2%, 27.9%, 37.6%, and 29.6%. It is worthwhile
to mention that the W-G/M system achieved the highest sus-
tainability index (0.94) due to improved crop productivity and
a lower carbon footprint than the other systems. In conclusion,

Fig. 5 The sustainability index of different cropping systems (a), and
performance of evaluated components for different cropping systems
using radar chart (b). CFA, carbon footprint per unit of area; CFGY,
carbon footprint per kg grain yield; CFEY carbon footprint per unit of
energy yield; CFEC carbon footprint per unit economic output;
NGHGB, net soil GHG balance; EC, total economic output; GY, grain
yield; EY, energy yield; ΔSOC, variation in SOC storage. W-G/M is

spring wheat-common vetch/maize double relay cropping, W/M is
wheat-maize intercropping, M is monoculture maize, W-G is spring
wheat-common vetch multiple cropping, W is monoculture spring
wheat. The error bars indicate the standard errors of the means (n=3).
The value in figure a is the least significant difference (LSD) of all
treatments. The different lowercase numbers above indicate significant
differences between treatments (p < 0.05).
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increasing crop diversity on the same plot annually has been
demonstrated to be an effective and sustainable practice for
crop production. The novelty of this study is showing that
integrating green manure into a wheat-maize intercropping
scheme may achieve emissions reduction and increase pro-
ductivity in arid irrigation areas.
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