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Abstract
Cotton-winter fallow is the major cropping system of cotton in the Yellow River basin of China, which not only leads to a 
considerable waste of land and natural resources, but also high greenhouse emissions and a loss of reactive nitrogen. Replac-
ing winter bare fallow in cotton production with February orchid as a cover crop is a new cropping system in this area, but its 
sustainability is still unknown. Therefore, a field experiment was conducted with two cropping systems (cotton-winter fallow 
and cotton-February orchid) under four nitrogen application rates (0, 112.5, 168.75, and 225 kg N  ha−1). Field observations 
were incorporated into a life cycle assessment to estimate the carbon footprint, nitrogen footprint, net ecosystem economic 
benefits, and economic benefits. The estimated carbon footprint per unit of sown area was 43.6–76.1% lower in the cotton-
February orchid system than in the cotton-winter fallow system, mainly because of the increase in soil organic carbon. The 
cotton-February orchid system significantly increased the nitrogen footprint per unit of sown area by 6.7–11.5% under differ-
ent application rates mainly because of the increase in  N2O emissions. The nitrogen application rate significantly impacted 
the carbon and nitrogen footprints. After accounting for changes in the nitrogen and carbon footprints, the cotton-February 
orchid system with 168.75 kg N  ha−1, which resulted in the highest net ecosystem economic benefits and economic benefits, 
resulted in a 25.0% reduction in nitrogen fertilizer applied and a 9.5% increase in net ecosystem economic benefits compared 
with the conventional cotton-winter fallow system and nitrogen fertilizer application rate (225.75 kg N  ha−1). Thus, adopting 
an integrated strategy combining February orchid as a cover crop and a reduced nitrogen fertilizer application contributes to 
improvements in green and sustainable cotton production systems in the Yellow River basin and other regions with similar 
ecological conditions.

Keywords Carbon footprint · Nitrogen footprint · Environmental damage costs · Net ecosystem economic benefit

1 Introduction

Environmental degradation from anthropogenic activities 
has become a major problem worldwide (Warner et al. 
2010). In recent decades, anthropogenic greenhouse gas 
(GHG) emissions have become a global concern because 
they are the main cause of global climate change (IPCC 
2014). Agricultural activities emit 1.4–1.6 ×  109 t  CO2 
equivalent  (CO2eq)  a−1 GHG emissions globally, which 
is equivalent to 10–12% of the total anthropogenic GHG 
emissions (IPCC 2014). Moreover, agriculture leads to sig-
nificant emissions of reactive nitrogen species to the envi-
ronment by leaching into groundwater and surface water or 
emission into the atmosphere, and such species then lead 
to environmental degradation (e.g., water eutrophication, 
fog, haze, and stratospheric ozone depletion) (Galloway 
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et al. 2008). Thus, it is of utmost importance to quantify 
and reduce GHG emissions and reactive nitrogen loss from 
agriculture to mitigate climate change and environmental 
degradation (Ju et al. 2009).

The carbon footprint (CF) and nitrogen footprint (NF) 
concepts have been used to quantify and evaluate GHG 
emissions and nitrogen loss from agroecosystems with 
the goal of mitigating climate change and environmental 
degradation (Cai et al. 2018; Xue et al. 2016). The CF is 
an indicator that expresses the total amount of GHG emis-
sions from a production system and is used to evaluate 
and mitigate climate change (ISO 2013; Xue et al. 2016). 
The NF describes the total amount of nitrogen loss due to 
anthropogenic activities and is used to evaluate and miti-
gate environmental degradation (e.g., water eutrophication 
and stratospheric ozone depletion) (Leach et al. 2012; Xue 
et al. 2016). Other studies have assessed the CF or NF mag-
nitude and composition for crop production to determine 
management practices that result in a high yield with low 
environmental consequences to achieve sustainable agricul-
tural development (Cheng et al. 2011; Gan et al. 2012; Xue 
et al. 2016). Cheng et al. (2011) reported that China’s crop 
production had a high CF with a mean of 119.5 Mt  CO2eq 
during 1993–2007, and 55% of the total CF was due to nitro-
gen fertilizer use-induced emissions. Similarly, Xue et al. 
(2016) reported that fertilizer application contributed the 
most to the CF and NF of a double rice production system. 
In addition, a previous study showed that the production and 
application of nitrogen fertilizer contributed 74% of the total 
GHG emissions from oilseed production in Canada (Gan 
et al. 2012). Therefore, strategies and culture techniques that 
can decrease the amount of nitrogen fertilizer needed and 
simultaneously achieve a low CF and NF and a high level of 
cost effectiveness are worth exploring.

Cover crops are most often used as catch crops to amend 
bare land during fallow periods (Blanco-Canqui et al. 2015; 
Thorup-Kristensen et  al. 2003). Previous studies have 
reported that the root system of cover crops absorbs resid-
ual nitrogen from the soil during the fallow period, and this 
nitrogen can be used by subsequent crops after the roots 
decompose (Fosu et al. 2003). Therefore, compared with 
fallow treatments, cover crops should further reduce the 
amount of applied nitrogen required for subsequent crops 
and increase the yield of subsequent crops (Gabriel and Que-
mada, 2011; Tonitto et al. 2006). The use of cover crops 
that reduce the need for nitrogen fertilization could be an 
effective strategy to maximize high yields and minimize the 
CF and NF, thus increasing the ecological and economic 
benefits (Blanco-Canqui et al. 2015; Cai et al. 2018).

The Yellow River basin, one of the three cotton-producing 
areas in China, encompassed 17,486.68 ha and accounted for 
38.65% of the area sown with cotton in China from 2000 to 
2017 (DRESSBS 2018). The amount of nitrogen applied 
for cotton cultivation in the Yellow River basin is generally 
187.5–270 kg  ha−1, which is 2.08 ~ 3 times higher than the 
recommended amount (90 kg  ha−1) in the cotton belt of the 
USA (Mao 2013). The excessive application of nitrogen fer-
tilizer during cotton cultivation can lead to high GHG emis-
sions and losses of reactive nitrogen species to the surround-
ing environment (Liu et al., 2013; Zhang et al. 2013). In 
addition, single cropping has been the major cotton cropping 
system in the Yellow River basin over the last decade, with 
cotton fields remaining fallow for 6 months, from the first 
frost to the following April, greatly wasting land and natural 
resources (Mao 2013). Therefore, planting February orchid 
instead of leaving the bare land fallow in a cotton cropping 
system (Fig. 1) may reduce the amount of nitrogen fertilizer 
needed and may increase cotton yields, thus increasing the 

Fig. 1  Cotton field before Feb-
ruary orchid turning over.
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net ecosystem economic benefits (NEEB). Replacing winter 
bare fallow with cover crops in cotton production is a novel 
cropping system in China that may also be a low-carbon 
cropping system (Scavo et al. 2020). However, there are no 
studies that analyze the replacement of bare fallow land with 
February orchid as a cover crop to reduce nitrogen fertili-
zation in cotton cropping systems by using the CF and NF 
methods, even though this information may provide insight 
into sustainable agricultural development.

Therefore, we evaluated two different cotton cropping 
systems (cotton-winter fallow and cotton/February orchid) 
with reduced nitrogen inputs in the Yellow River basin of 
China. The hypothesis of the present study is that the cotton/
February orchid system with reduced nitrogen input would 
increase ecological and economic benefits in the cotton pro-
duction system. Specifically, the objectives of the study were 
(1) to compare the GHG emissions and CFs of the different 
systems, (2) to compare the reactive nitrogen emissions and 
NFs of the treatments, and (3) to evaluate the ecological and 
economic benefits of the two different cotton cropping sys-
tems (cotton-winter fallow and cotton/February orchid) with 
reduced nitrogen inputs in the Yellow River basin of China.

2  Materials and methods

2.1  Climate and soil at the study site

The experiment was conducted at the eastern experimental 
station of the Institute of Cotton Research of the Chinese 
Academy of Agricultural Sciences (36° 06′ N, 114° 21′ E, 
with an elevation of 76 m) (Fig. 2). The station is located in 
the Yellow River basin of China. The average annual temper-
ature is 13.6 °C, the annual precipitation is 650 mm, and the 
frost-free period is 200 days. The average temperature and 
rainfall of the experimental station are at the average level 
of the Yellow River basin of China, which represents the cli-
mate of this region (Figs. S1 and S2). Cotton-winter fallow 
cropping is the main cropping system, which accounts for 
70–80% of the cotton cropping system in the Yellow River 
basin of China after 2000 (Mao 2013). The experimental site 
has clay loam soil, which is the main soil type in this region 
(Mao 2013). The initial properties of the topsoil were as 
follows: pH of 8.1, organic matter content of 16.27 g  kg−1, 

total nitrogen content of 1.16 g  kg−1, and available P and K 
contents of 12.27 and 162.00 mg  kg−1, respectively.

2.2  Experimental design for crop management

Two different cotton cropping systems (a cotton-winter 
fallow cropping system (CWF) and a cotton/February 
orchid cropping system (CFO)) under four nitrogen appli-
cation rates (0 kg N   ha−1 (N0), 112.5 kg N   ha−1 (N1), 
168.75 kg N   ha−1 (N2), and 225 kg N   ha−1 (N3)) were 
arranged in a randomized block design with three replicates. 
N3 is the conventional nitrogen fertilizer application rate 
in the study area, and N2 and N1 are the amounts of nitro-
gen applied by reducing nitrogen fertilizer by 1/4 and 1/2, 
respectively. N0 represents the treatment without nitrogen 
treatment. Plots were 10 m × 6 m with three replicates, and 
the row spacing was 0.76 m. The planting distribution of 
cotton and February orchid over 1 year in the two cropping 
systems is shown in Fig. 2: (1) the CWF was a monoculture 
cropping system with cotton and a winter fallow period, 
and (2) the CFO was an intercropping system consisting of 
February orchid intercropped with cotton during the later 
developmental stage of cotton, followed by crushing and 
pressing of February orchid to return it to the field before 
cotton was sown in the next year.

The cotton hybrid CRI 60, one of the most popular cotton 
hybrids in the Yellow River basin, was used in this study. 
The cotton was planted on 21 April 2017, 21 April 2018, 
and 24 April 2019. February orchid was sown by hand at 
the time of cotton harvesting, which was performed on 5 
October 2017 and 10 October 2018. In the experiment, 
chemical phosphate and potassium fertilizers were applied 
at 102 kg  ha−1 each. Half of the nitrogen fertilizer was used 
as the basal fertilizer, and the other half was used as the 
top fertilizer during the flowering and boll setting periods. 
Phosphate and potassium fertilizers were applied once with 
basal fertilizer. All fertilizers were applied during the grow-
ing season of cotton, i.e., not during the growing season 
of February orchid. The nitrogen, phosphate, and potash 
fertilizers were in the form of urea (46% N), calcium super-
phosphate (12%  P2O5), and potassium sulfate (52%  K2O), 
respectively. The removal of weeds and insects and other 
management practices were conducted according to local 
agronomic practices.

Fig. 2  Temporal distribution of 
cotton and cover crops in the 
two cropping systems. CWF 
cotton-winter fallow; CFO 
cotton-February orchid.

1 2 3 4 5 6 7 8 9 10 11 12 Month
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CFO February Orchid
February Orchid
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2.3  System boundary and functional units

In this study, the system boundaries extended from the 
cradle to the farm gate based on the LCA method (Pandey 
and Agrawal 2014), which includes all GHG emissions and 
nitrogen losses during cotton production (Fig. 3). The GHG 
emissions and nitrogen emissions were generated by the fol-
lowing: (1) the production, storage, and transport of agricul-
tural inputs (e.g., mulching film, pesticides, seeds, fertilizers, 
and diesel fuel for the agricultural machinery); (2) the con-
sumption of electricity for irrigation; (3) the input of labor, 
which included artificial topping, artificial harvesting and 
the operation of machinery to seed, weed, and so on; (4) the 
direct GHG emissions and nitrogen losses from the cotton 
field (e.g.,  N2O emission,  NH3 volatilization, and nitrogen 
leaching); and (5) the annual change in soil organic carbon 
(SOC) storage. In addition, most of the harvested seed cotton 
was sold as a commodity; thus, the equivalent sown area of 
cotton (ha), yield (kg), production value (CNY), and eco-
nomic benefit (CNY) were defined as the functional units 
of both the CF and NF. The production value is the total 
revenue from the harvested seed cotton, and the economic 
benefit is the net income generated by a cotton system.

2.4  The CF calculation

The CF values were estimated based on the LCA method, 
which involved the following equations (Gan., 2012; Wang 
et al. 2019; Yang et al. 2014):

where  CFa,  CFy,  CFv, and  CFe represent the CF of cotton 
production per unit of sown area (kg  CO2eq  ha−1), cotton 
yield (kg  CO2eq  kg−1), production value (kg  CO2eq  CNY−1), 
and economic benefit (kg  CO2eq  CNY−1) per year, respec-
tively;  AIi represents the agricultural inputs applied dur-
ing cotton production, which are presented in Table 1;  EFi 
represents the GHG emission factor of each agricultural 
input, which are presented in Table 2; ΔC represents the 
GHG emissions from the change in SOC in the field soil; 
and yield, production value, and economic benefit are the 
respective seed cotton yield (kg  ha−1), production value 
(CNY  ha−1), and economic benefit (CNY  ha−1) of cotton 
production each year. The values for the yield, production 
value, and economic benefit in this study are presented in 
Table S1.

N2OFIELD represents the  N2O emissions from a cotton 
field. N2OFIELD was calculated using Eqs. (5) and (6):

(1)CFa =

∑

i

�

AIi × EFi + N2OFIELD + �C
�

Sown area

(2)CFy =

∑

i

�

AIi × EFi + N2OFIELD + �C
�

Yield

(3)CFv =

∑

i

�

AIi × EFi + N2OFIELD + �C
�

Production value

(4)CFe =

∑

i

�

AIi × EFi + N2OFIELD + �C
�

Economic benefit

Fig. 3  System boundaries for the life cycle assessment of the carbon footprint, nitrogen footprint, and net ecosystem economic benefit in cotton 
production. SOC soil organic carbon.
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where N2OFIELD represents the GHG emissions from the cot-
ton field, N2ODIRECT represents the direct  N2O emissions 
from the cotton field (kg  CO2eq  ha−1), CO2eqGASM repre-
sents the indirect  N2O emissions from the cotton field via 
ammonia volatilization, and CO2eqLEACH represents the indi-
rect  N2O emissions from the cotton field via nitrate leach-
ing. The direct  N2O emissions were determined by a static 
chamber method (Wang et al. 2016), and the  NH3 volatiliza-
tion from the cotton field was determined by a ventilation 
method (Jantalia et al. 2012). The static chamber method 
and ventilation method are described below (Sect. 2.7). The 
nitrate leached from a cotton field was calculated as follows 
(Gan et al. 2012):

CO2eqLEACH represents the indirect  N2O emissions 
from a cotton field, which is the nitrate leached from 
the cotton field; QSNF represents the quantity of applied 
chemical nitrogen fertilizer (kg N  ha−1);  PERCLEACH 
represents the percentage of nitrogen fertilizer that is 
lost due to nitrate leaching;  EFLEACH represents the  N2O 
emissions due to nitrate leaching  (EFLEACH of cotton is 
0.0075 kg N  kg−1 N); 44/28 is the molecular weight coef-
ficient for the conversion between  N2O and  N2; and 298 
is the global warming potential  (CO2eq) per unit of  N2O.

According to the publicly available specification 2050, 
the GHG emissions from crop production include GHG 
emissions from agricultural inputs and non-CO2 emis-
sions from farmland, except for soil SOC changes (British 
Standards Institute 2011). However, an increasing number 
of experts have called for the inclusion of SOC changes 
in agricultural GHG emission assessments (Wang et al. 
2021). Therefore, the estimated GHG emissions included 
SOC change in this study. The GHG emissions due to 
changes in SOC were calculated using Eq. (7) (Wang et al. 
2021):

where ΔC is the average annual GHG emissions due to the 
change in SOC from 2017 to 2019 (kg  CO2eq  ha−1  a−1); 
 SOC2017 and  SOC2019 are the reserves of SOC in the top 
layer of soil (0–0.3 m) in 2017 and 2019, respectively; 2 is 
the length of time that the trial was conducted; and 44/12 is 
the molecular weight coefficient for the conversion between 
 CO2 and C.

(5)N2OFIELD = N2ODIRECT + CO2eqGASM + CO2eqLEACH

(6)

CO2eqLEACH = QNF × PERCLEACH × EFLEACH ×
44

28
× 298

(7)ΔC =
SOC2017 − SOC2019

2
×
44
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2.5  The NF calculation

The NF values were estimated based on the LCA method, 
which involved Eqs. (8)–(13) (Xue et al. 2016):

where  NFa,  NFy,  NFv, and  NFe represent NF of the cotton 
production per unit of sown area (kg Neq  ha−1), cotton yield 
(kg Neq  kg−1), production value (kg Neq  CNY−1), and eco-
nomic benefit (kg Neq  CNY−1) per year, respectively;  EFi 
represents the specific nitrogen loss factors for each agricul-
tural input, which are listed in Table 1; N2OFIELD represents 
the  N2O–N emissions from farmland; NeqFIELD

 represents the 
nitrogen lost from a cotton field; N2ODIRECT represents the 
direct  N2O–N emissions from a cotton field (kg Neq  ha−1); 
NeqGASM represents ammonia volatilization from a cotton 
field; and NeqLEACH represents nitrate leaching from a cotton 

(8)NFa =

∑

i

�

AIi × EFi + NeqFIELD

�

Sown area

(9)NFy =

∑

i

�

AIi × EFi + NeqFIELD

�

Yield

(10)NFv =

∑

i

�

AIi × EFi + NeqFIELD

�

Production value

(11)NFe =

∑

i

�

AIi × EFi + NeqFIELD

�

Economic benefit

(12)NeqFIELD = N2ODIRECT + NeqGASM + NeqLEACH

(13)

NeqLEACH = QSNF × PERCLEACH × EFLEACH ×
44

28
× 1000

field. The direct  N2O–N emissions were determined by a 
static chamber method (Wang et al. 2016), the  NH3 volatili-
zation from a cotton field was determined by a ventilation 
method (Jantalia et al. 2012), and the nitrate leaching from 
a cotton field was calculated using Eq. (13).

2.6  Environmental damage cost (EDC) and NEEB

The EDC (CNY  ha−1) is the environmental cost of climate 
warming from GHG emissions and aquatic eutrophication 
from nitrogen loss from agricultural systems and was deter-
mined by Eq. (14) (Xia and Yan 2012):

where PCO2 (272.8 CNY  t−1) is the EDC (in terms of climate 
change) per unit of  CO2 (Melaku Canu et al. 2015; Tol 2008) 
and PN (4.26 CNY kg  Neq−1) is the EDC (in terms of human 
health and ecosystems) per unit of nitrogen lost (USDA, 
2000; Xia and Yan 2012). The NEEB (CNY  ha−1) of cotton 
production was assessed using Eq. (15) (Cai et al. 2018):

where yield income (CNY  ha−1) is the output of the seed 
cotton yield and input cost (CNY  ha−1) is the total cost to 
purchase the agricultural inputs, which included agricultural 
capital investments (e.g., mulching film, pesticides, seeds, 
fertilizers, and diesel fuel for the agricultural machinery) 
and labor inputs (e.g., artificial topping, artificial harvesting 
and the operation of machinery for seeding and weeding).

2.7  Data collection

N2O emitted from the field was collected using a static 
chamber method (Wang et al. 2016). The static chamber 

(14)EDC = CFa × PCO2 + NFa × PN

(15)NEEB = yield income − input cost − EDC

Table 2  Agricultural inputs and 
their greenhouse gas (GHG) 
emission and reactive nitrogen 
emission coefficients considered 
during the estimation.

Input GHG
emission coefficient

Reactive nitrogen
emission coefficient

Source

Urea 2.39 kg  CO2eq  kg−1 0.30 g Neq  kg−1 CLCD v0.7
Calcium superphosphate 0.30 kg  CO2eq  kg−1 0.60 g Neq  kg−1 CLCD v0.7
Potassium sulfate 0.25 kg  CO2eq  kg−1 0.02 g Neq  kg−1 CLCD v0.7
Electricity for irrigation 1.23 kg  CO2eq  kwh−1 0.11 g Neq  kg−1 CLCD v0.7
Diesel 0.89 kg  CO2eq  kg−1 0.06 g Neq  kg−1 CLCD v0.7
Diesel combustion 4.1 kg  CO2eq  kg−1 3.45 g Neq  kg−1 CLCD v0.7
Labor 0.86 kg  CO2eq days  p−1 – Liu et al., 2013
Plastic film 22.72 kg  CO2eq  kg−1 12.02 g Neq  kg−1 Ecoinvent v2.2
Seeds 0.35 kg  CO2eq  kg−1 7.87 g Neq  kg−1 Ecoinvent v2.2
Herbicides 10.15 kg  CO2eq  kg−1 4.49 g Neq  kg−1 Ecoinvent v2.2
Bactericides 10.57 kg  CO2eq  kg−1 7.05 g Neq  kg−1 Ecoinvent v2.2
Pesticides 16.61 kg  CO2eq  kg−1 3.55 g Neq  kg−1 Ecoinvent v2.2
Other agricultural chemicals 12.44 kg  CO2eq  kg−1 11.50 g Neq  kg−1 Ecoinvent v2.2
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was made of polyvinyl chloride, with a bottom area of 
20 cm × 20 cm and a height of 29.5 cm.  N2O was collected 
once per week throughout the entire study period and once 
every other day for 3 separate periods after fertilizer applica-
tion and precipitation throughout the year. The  N2O samples 
were collected mostly between 09:00 and 11:00 with 50-mL 
polypropylene syringes 0, 10, 20, and 30 min after the cham-
ber was closed; the  N2O gas was collected into evacuated 
vials. At the beginning of the experiment, the chamber base 
was inserted to a depth of 5 cm in the soil at the center of 
each plot and left there until the test was completed to avoid 
disturbing the soil.

The  N2O gas samples were analyzed by gas chromatog-
raphy with electron capture detection (model 187 6890 N, 
Agilent Technologies, Santa Clara, CA, USA). The  N2O flux 
was calculated using Eq. (16) (Robertson 1993):

where F represents the  N2O emission flux (mg  m−2  min−1), 
44 is the molecular weight of  N2O (g  mol−1), H repre-
sents the height (m) of the static chamber, P represents the 
atmospheric pressure (Pa), 8.314 is the ideal gas constant 
(J  mol−1  K−1), T represents the average air temperature at 
the time of sampling (°C), and dc/dt represents the rate of 
change in the  N2O gas concentration. The cumulative  N2O 
emissions were calculated assuming the existence of lin-
ear changes in gas fluxes between two successive sampling 
dates.

Ammonia volatilized from the field was collected using 
a ventilation method (Jantalia et al. 2012). During the basal 
fertilizer application and top dressing period, one collection 
device for volatilized ammonia was inserted to a depth of 
5 cm in the soil at the center of each plot on the day after 
fertilization, and then samples were taken on the 1st, 2nd, 
3rd, 4th, 5th, 6th, 7th, 10th, 13th, 20th, 27th, and 34th days 
after fertilization. The sampling started at 16:00 each day. 
The collection device for volatilized ammonia consisted of 
a polyvinyl chloride (PVC) pipe with an inner diameter of 
15 cm and a height of 10 cm.

Ammonium nitrogen was determined by indophenol blue 
colorimetry. The ammonia volatilization flux was calculated 
using Eq. (17) (Robertson 1993):

where Fa represents the cumulative loss due to ammonia 
volatilization (kg  ha−1), n represents the total number of 
determinations after fertilization, i is the ammonia volatili-
zation rate at the ith determination (kg  ha−1  day−1), Ti is the 
number of days after fertilization that the ith determination 
occurred, and Ti−1 is the time interval between two adjacent 
determination dates (days).

(16)F =
44HP

8.314 × (273.2 + T)
×
dc

dt

(17)Fa = 0.5 ×
∑n

i

((

vi × vi−1
)

×
(

Ti × Ti−1
))

2.8  Statistical analysis

Analysis of variance (ANOVA) with all data was performed 
in SPSS 11.0 (SPSS Inc., Chicago, IL) and EXCEL 2017. 
Means between treatments were compared with the least 
significant differences (LSD) method at the P = 0.05 sig-
nificance level.

3  Results

3.1  Greenhouse gas emissions

The cropping system and nitrogen application rate signifi-
cantly impacted the total GHG emissions (Fig. 4; Table S2). 
Compared with the CWF system, the CFO system signifi-
cantly increased the GHG emissions from agricultural inputs 
and the cotton field because the CFO system increased direct 
and indirect  N2O emissions from the field by 7.5–38.7% and 
0.2–5.8%, respectively, in addition to increasing the labor 
input. The GHG emissions from agricultural inputs and cot-
ton fields decreased with the decrease in the nitrogen appli-
cation rate, largely due to the increasing GHG emissions 
from increasing nitrogen inputs (production, storage, and 
transport), direct  N2O emissions from the field, and indi-
rect  N2O emissions from the field (ammonia volatilization 
and nitrate leaching). The direct and indirect  N2O emissions 
from the field decreased by 16.3–61.9% and 22.9–95.0%, 
respectively, as the nitrogen fertilization rate decreased 
(P < 0.05).

Under different cropping systems and nitrogen applica-
tion rates, the change in SOC had a strong influence on the 
total GHG emissions (Fig. 3; Table S2). In this study, the 
GHG emissions from the change in SOC were negative, 
which indicated that the change in SOC served as a car-
bon sink, thus offsetting the total GHG emissions in this 
study. Compared to those in the CWF system, the GHG 
emissions from the SOC changes in the CFO system were 
significantly decreased, by 82.0%, 83.7%, 95.8%, and 93.9% 
under the N0, N1, N2, and N3 application rates, respec-
tively (P < 0.05). The SOC decreased with the decrease in 
the nitrogen application rate. Compared to that in the N3 
treatment (the conventional nitrogen application rate), SOC 
decreased significantly, by 6.2%, 18.0%, and 49.7%, under 
N2, N1, and N0 in the CWF cropping system and by 5.54%, 
22.16%, and 50.92% under N2, N1, and N0 in the CFO crop-
ping system (P < 0.05).

The largest component of the total GHG emissions was 
nitrogen fertilizer, followed by  N2O emissions, plastic film, 
pesticide, electricity for irrigation, indirect  N2O emissions, 
phosphate fertilizer, diesel combustion, labor, diesel, pot-
ash fertilizer, seeds, bactericides, and other farm chemi-
cals. Among the components of GHG emissions, nitrogen 
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fertilizer,  N2O emissions, plastic film, pesticides, and elec-
tricity for irrigation were the major sources of emissions, 
which accounted for 23.9%, 15.7%, 14.4%, and 11.1%, 
respectively, of the total emissions in the CWF-N3 treat-
ment. Furthermore, the SOC changes were negative in this 
study, which offset 36.2–80.4% of the total GHG emissions.

3.2  Carbon footprints

The cropping system and nitrogen application rate signifi-
cantly impacted the CFs (Fig. 5). Compared with the CWF 
system, the CFO system significantly decreased the  CFa, 
 CFy,  CFv, and  CFe by 43.6–76.1%, 49.1–79.0%, 46.6–76.6%, 
and 49.1–78.8%, respectively (P < 0.05). The  CFa,  CFy,  CFv, 
and  CFe only decreased under the CWF system but first 
decreased and then increased under the CFO system as the 
nitrogen fertilization rate decreased. Furthermore, the CF of 
the CFO-N2 strategy was the lowest CF of the entire study, 
and the  CFa,  CFy,  CFv, and  CFe of the CFO-N2 strategy were 
significantly lower than those of the CWF-N3 strategy by 
79.0%, 79.0%, 79.3%, and 78.8%, respectively.

3.3  Nitrogen emissions

Both the cropping system and nitrogen application rate 
significantly impacted the nitrogen emissions (Fig. 6). The 
nitrogen emissions in the CFO system were high because 
of  N2O emissions from the field and from planted seeds. 
Compared with the CWF system, the CFO system signifi-
cantly increased the  N2O emissions from the field and from 
the planted seeds by 7.5–38.7% and 100%, respectively 
(P < 0.05). The nitrogen emissions decreased with the 

decrease in the nitrogen application rate, largely because 
the reduction in the nitrogen fertilization rate decreased not 
only the nitrogen emissions from the nitrogen fertilization 
but also the  N2O emissions and  NH3 volatilization from the 
field by 16.3–61.9% and 10.5–65.5%, respectively.

The components of total nitrogen emissions were vola-
tilized  NH3, followed by  N2O emissions, seeds, phosphate 
fertilizer, nitrogen leaching and runoff, plastic film, diesel 
combustion, pesticides, nitrogen fertilizer, electricity for 
irrigation, other farm chemicals, bactericides, herbicides, 
potash fertilizer, and diesel. The main components of the 
nitrogen emissions were volatilized  NH3 and  N2O, which 
together accounted for 64.5–78.9% of the total nitrogen 
emissions. The largest source of GHG emissions was  NH3 
volatilization, which accounted for 56.1–76.2% of the total 
nitrogen emissions.

3.4  Nitrogen footprints

Both the cropping system and nitrogen application rate 
impacted the NFs (Fig. 7). Compared with the CWF sys-
tem, the CFO system significantly increased the  NFa by 
11.5%, 6.7%, 10.0%, and 6.7% under the N0, N1, N2, and N3 
application rates, respectively (P < 0.05). The CFO system 
significantly increased the  NFy and  NFv under the four nitro-
gen application rates except in the N2 treatments. The CFO 
system decreased the  NFe under the four nitrogen applica-
tion rates except in the N3 treatments. Furthermore,  NFa, 
 NFy, and  NFv decreased with decreasing nitrogen applica-
tion rate. Overall, the CWF-N0 strategy had the lowest NF 
in the entire study, with NFs,  NFy,  NFv, and  NFe values that 

Fig. 4  Contributions of the 
different sources of greenhouse 
gas (GHG) emissions under 
the different cropping systems 
with four nitrogen application 
treatments. CWF, cotton-winter 
fallow cropping system; CFO, 
cotton-February orchid crop-
ping system. Others: GHG 
emissions from phosphate 
fertilizer, potash fertilizer, pes-
ticides, plastic film, diesel fuel 
and electricity.
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were 59.2%, 52.4%, 52.4%, and 38.4% lower, respectively 
(P < 0.05), than those for the CWF-N3 strategy.

3.5  The NEEB and economic benefits

The effects of the cropping systems on the NEEB and eco-
nomic benefits are consistent with the other results dis-
cussed above (Fig. 8). Compared with the CWF system, the 
CFO system increased the NEEB by 3.2%, 24.7%, 16.8%, 
and 17.3% and increased the economic benefits by − 4.0%, 
13.9%, 9.8%, and 10.7% under the N0, N1, N2, and N3 
application rates, respectively. In addition, the NEEB and 
economic benefits decreased in the CWF system with the 
reduction in the nitrogen application rate; however, in 
the CFO system, the NEEB and economic benefits first 

increased and then decreased. The CFO-N2 strategy had 
the highest NEEB and economic benefits in the entire study 
(Fig. 9); compared with the CWF-N3 strategy, the CFO-N2 
strategy increased the NEEB by 9.5% and resulted in roughly 
the same level of economic benefits.

4  Discussion

4.1  The effect of the cropping system and nitrogen 
application rate on GHG emissions and the CF

The results showed that the direct and indirect  N2O emis-
sions from the CFO field were higher than those from the 
CWF field, which indicated that the planting and turnover 

Fig. 5  CFa,  CFy,  CFv, and  CFe 
of the two cropping systems 
with four nitrogen applica-
tion rates. CWF: cotton-winter 
fallow cropping system; CFO: 
cotton-February orchid crop-
ping system;  CFa,  CFy,  CFv, and 
 CFe represent the carbon foot-
print of cotton production per 
unit of sown area, cotton yield, 
production value and economic 
benefit per year, respectively.
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of February orchid in winter fallow cotton fields increased 
the direct and indirect  N2O emissions; the above results 
are different from those in a previous study (Sanz-Cobena 
et al. 2014). Muhammada et al. (2019) explored the effect of 
cover crops on  N2O emissions through a meta-analysis and 
found that  N2O emissions were lower with cover crops than 
without cover crops. The reason for the differences in these 
results might be due to differences in the biomass yields, 
residual carbon/nitrogen ratios of the crops and metabolic 
activities of the soil rhizosphere (Basche et al. 2014; Sanz-
Cobena et al. 2014). Furthermore, the results of the pre-
sent work showed that GHG emissions increased due to the 
increased emissions from planted seeds and labor activities 
associated with the CFO system. Therefore, the CFO system 
not only increased GHG emissions due to agricultural inputs 
but also increased  N2O emissions from the field. However, 
GHG emissions caused by changes in SOC were negative 
because SOC changes in the CFO system increased the abso-
lute value of GHG emissions; thus, an increase in soil carbon 
reserves would offset some of the GHG emissions. There-
fore, the planting and turnover effect of February orchid in a 
winter fallow cotton field decreased GHG emissions mainly 
because of the increase in SOC.

As expected, decreases in direct and indirect  N2O emissions 
were observed with the reduction in the nitrogen fertilization 
rate, and this finding is consistent with the results of previous 
studies (Maharjan et al. 2014; Marie et al. 2019). Numerous 
studies have shown that  N2O emissions from field soils are 
directly related to the application rate of chemical nitrogen 
fertilizer (Hoben et al. 2011; Sapkota et al. 2020). Therefore, 
a reduction in fertilizer use is one of the main strategies for 

reducing  N2O emissions from farmland (Wang et al. 2016). 
However, the SOC increased with increasing nitrogen appli-
cation, which offset or even exceeded the GHG emissions 
caused by the nitrogen application; this might have been due 
to the increase in the SOC, which was caused by the increase 
in crop biomass and straw turnover when nitrogen fertilizer 
was applied (Dong et al. 2012). Therefore, when reducing the 
amount of fertilizer in the future, the effect of straw turnover 
on the increase in SOC should be considered.

Under the same nitrogen application rate,  CFa,  CFy,  CFv, 
and  CFe in the CFO system were lower than those in the 
CWF system. Furthermore, the CF decreased in the CWF 
system; however, in the CFO system, the CF first decreased 
and then increased with the reduction in the application of 
chemical nitrogen fertilizer. Both of these results indicated 
that the planting and turnover of February orchid in a winter 
fallow cotton field could reduce the total GHG emissions 
while increasing the production value and economic ben-
efits, especially with a low rate of nitrogen fertilizer applica-
tion. In addition, the CFO-N2 strategy had the lowest CF of 
the entire study. Therefore, the CFO cropping system with 
the N2 application rate was the most sustainable strategy 
among the eight tested strategies when considering only 
GHG emissions, which was considered the environmental 
cost in this study.

4.2  The effect of the cropping system and nitrogen 
application rate on nitrogen emissions and NF

The CFO system increased the nitrogen emissions from 
planted seeds,  NH3 volatilization, and  N2O emissions. These 

Fig. 6  Contributions of the 
different sources of nitrogen 
emissions under the different 
cropping systems with four 
nitrogen application rates. CWF, 
cotton-winter fallow cropping 
system; CFO, cotton-February 
orchid cropping system.
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results are inconsistent with those of previous studies show-
ing that the use of cover crops decreased  N2O emissions 
but did not affect  NH3 volatilization (Mitchell et al. 2013; 
Sanz-Cobena et al. 2014). This difference might be due to 
differences in the residual carbon/nitrogen ratio, lignin con-
tent, metabolic activity, and respiration in the soil rhizos-
phere resulting from differences in the cover crop species 
(Muhammada et al. 2019). Thus, the adoption of a strategy 
that uses cover crops to reduce nitrogen emissions must con-
sider the type of cover crop (Basche et al. 2014). In addi-
tion, the nitrogen emissions caused by  NH3 volatilization 
and the  N2O emissions decreased with the reduction in the 
nitrogen fertilization rate, which is consistent with previous 
research results (Misselbrook et al. 2004; Ramanantenasoa 

et al. 2019). Thus, a reduction in nitrogen fertilizer use from 
farmland remains one of the main strategies to reduce nitro-
gen emissions (Wang et al. 2016).

NF is an important indicator for quantifying and assessing 
the magnitude of nitrogen loss from agroecosystems to miti-
gate environmental degradation (Xue et al. 2016). Reducing 
NF by optimizing farming practices is also an important 
measure for sustainable crop production (Xue et al. 2016). 
The  NFa of the CFO system was higher than that of the CWF 
system, which might have been due to the increase in agri-
cultural input and the  NH3 and  N2O emissions from the field 
(Fig. 4). Furthermore,  NFy,  NFv, and  NFe were higher with 
the CFO system than in the CWF system, except under the 
N2 and N3 application rates. This indicated that optimizing 

Fig. 7  NFa,  NFy,  NFv, and  NFe 
of the two cropping systems 
with four nitrogen application 
rates.  NFa,  NFy,  NFv, and  NFe 
represent the nitrogen footprint 
of cotton production per unit of 
sown area, cotton yield, produc-
tion value, and economic benefit 
per year, respectively; CWF, 
cotton-winter fallow cropping 
system; CFO, cotton-February 
orchid cropping system.
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the ratio of fertilizer and organic fertilizer could reduce NF 
(Guardia et al. 2019).

In this study, the NFs decreased with the reduction in the 
nitrogen fertilization rate, which might have been due to 
the decrease in nitrogen fertilizer applied and the  NH3 and 
 N2O emissions from the field. This result is consistent with 
that of a previous study in which yield-scaled nitrous oxide 
emissions were obtained at the lowest nitrogen application 
rates in a winter wheat-summer maize double-cropping 
system (Qin et al. 2012). Within the scope of this study, 
the increase in nitrogen fertilizer also increased  NFy,  NFv, 
and  NFe, which indicated that increases in the yield, output 
value, and economic benefits could not compensate for the 
increase in nitrogen emissions. The CWF-N0 strategy, which 

was a cropping system with a single crop of cotton that was 
not fertilized, had the lowest NF in this study but also the 
lowest economic and ecological benefits, which is consistent 
with previous research results (Zhou et al. 2019).

4.3  The effects of the cropping system and nitrogen 
application rate on the ecological and economic 
benefits

An increased economic benefit is generally the primary 
factor that motivates farmers to improve farming practices 
(Zhou et al. 2019). However, for governments, improve-
ments to farming practices offer not only economic benefits 
but also ecological benefits (Wang et al. 2017). Thus, if 

Fig. 8  Net ecosystem economic 
benefit (NEEB) and economic 
benefits of the two cropping 
systems with four nitrogen 
application rates. CWF, cotton-
winter fallow cropping system; 
CFO, cotton-February orchid 
cropping system.

Fig. 9  Net ecosystem economic 
benefit (NEEB) and economic 
benefit of the different strate-
gies. CWF, cotton-winter fallow 
cropping system; CFO, cotton-
February orchid cropping 
system.
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farming practices can improve economic and environmen-
tal benefits at the same time, they are sustainable and well 
implemented.

When changes in GHG emissions were calculated to 
assess the ecological benefits,  CFa,  CFy, CFv, and  CFe in 
the CFO system were lower than those in the CWF system 
because the CFO system greatly increased the SOC, despite 
the CFO system increasing the input emissions and the direct 
and indirect  N2O emissions from the field. However, when 
changes in nitrogen emissions were calculated to assess the 
ecological benefits,  NFa,  NFy,  NFv, and  NFe in the CFO 
system were higher than those in the CWF system, while 
NF decreased with reduced nitrogen fertilizer application 
rates. These results indicated that the ecological benefits of 
the different farming measures might vary under different 
ecological objectives (Wang et al. 2019).

When changes in both nitrogen loss and GHG emissions 
were calculated to assess the ecological benefits, both the 
NEEB and economic benefits in the CWF system decreased 
with reduced nitrogen fertilizer application. However, in 
the CFO system, the NEEB and economic benefits first 
increased and then decreased. The above result indicated that 
the amount of nitrogen fertilizer could be reduced to obtain 
economic and ecological benefits in the CFO system but not 
in the CWF system. Furthermore, the CFO-N2 strategy had 
the highest economic and ecological benefits between the 
two cropping systems under the four nitrogen fertilization 
rates. Therefore, the use of February orchid as a cover crop 
in cotton production would be a sustainable strategy that 
reduces the use of nitrogen fertilizer by 25% while ensuring 
economic and ecological benefits. Bai et al. (2015) found 
that integrated application of February orchid as a cover 
crop with a 30% reduction in nitrogen fertilizer increased 
maize grain yield while decreasing apparent nitrogen loss. 
Zhang et al. (2021) found that cotton/Orychophragmus vio-
laceus increased the soil organic matter, total nitrogen, and 
available nitrogen compared to cotton-fallow at a 0–100-cm 
soil depth. As shown in Table 1, the CFO system increased 
the labor time by 1.74% (4.5 days p  ha−1), compared with 
the CWF system. Therefore, there are differences in labor 
time between cropping systems, but the differences were 
very small. Furthermore, the differences in labor time were 
mainly due to the CFO system having the labor of artificial 
sowing of February orchid. As this study is a plot experi-
ment, mechanical sowing was not possible. In terms of 
large-scale production in large fields, if mechanical sowing 
is used, the labor gap between the two cropping systems will 
be smaller. Therefore, these differences could not constitute 
obstacles to the adoption of more virtuous cropping systems. 
Thus, farmers should be motivated to use February orchid as 
a cover crop, and governments could introduce policies to 
encourage farmers to adopt this sustainable farming practice 
through publicity, promotion, and small subsidies from the 

financial sector in the Yellow River basin of China. The 
results could also be used as guidance and reference for cot-
ton production under the same ecological conditions in other 
regions of the world.

4.4  Limitations of this study

In the calculation of the GHG and nitrogen emissions, the 
emissions from the field mainly included emitted  N2O, 
volatilized  NH3, and leached nitrogen. The emissions from 
nitrogen leaching were estimated by an IPCC method (IPCC 
2014), which might have influenced the absolute values of 
the CF, NF, and NEEB but had little effect on the results 
of this study because the extent of nitrogen leaching in the 
region was small. Furthermore, there is large uncertainty 
associated with the EDC per unit of  CO2 in terms of cli-
mate change (PCO2) because of the different degrees of cli-
mate change and modeling of the PCO2. The PCO2 estimates 
from the voluntary agreements vary over a wide magnitude 
range from 2 to 101 €  tCO2eq−1 in different organizations 
and reports (Melaku Canu et al. 2015). Tol (2008) found a 
mean estimate of 272.8 CNY  tCO2eq−1 for a fitted distribu-
tion with a 1% increase over time. Therefore, 272.8 CNY 
 tCO2eq−1 was used as the PCO2 value in this study, even 
though this value has associated uncertainty.

In addition, although the site selected in this study is a 
representative site in the cotton region with the typical cli-
mate and soil characteristics of the Yellow River basin of 
China, there are limits. Addressing these challenges requires 
many additional field experimental sites in the future.

5  Conclusions

Our study showed that the CFO system decreased the CF 
mainly because of the increase in the SOC but increased 
the NF mainly because of the increase in  N2O emissions 
and  NH3 volatilization. Furthermore, the NEEB and eco-
nomic benefits of the CFO system first increased and then 
decreased, but those of the CWF system decreased as the 
nitrogen fertilizer application rate decreased, which indi-
cated that the CFO system could replace chemical nitrogen 
fertilizer in sustainable agricultural systems. In general, 
compared with conventional cropping systems and nitrogen 
fertilizer applications, the CFO-N2 strategy increased the 
NEEB by 9.5% in terms of economic benefits. Therefore, 
the replacement of winter bare fallow with a cover crop of 
February orchid in a cotton field along with a 25% reduction 
in the applied chemical nitrogen fertilizer is an appropri-
ate alternative fertilization strategy that should be widely 
adopted by stakeholders to achieve sustainable cotton devel-
opment in the Yellow River basin of China and other regions 
with similar ecological conditions.
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