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Intensive cereal production has brought about increasingly serious environmental
threats, including global warming, environmental acidification, and water shortage.
As an important grain producer in the world, the rice cultivation system in central
China has undergone excessive changes in the past few decades. However, few
articles focused on the environmental impacts of these shifts from the perspective of
ecological footprints. In this study, a 2-year field trial was carried out in Hubei province,
China, to gain insight into carbon footprint (CF), nitrogen footprint (NF), and water
footprint (WF) performance. The three treatments were, namely, double-rice system
(DR), ratoon rice system (RR), and rice-wheat system (RW). Results demonstrated that
RR significantly increased the grain yield by 10.22–15.09% compared with DR, while
there was no significant difference in the grain yield between RW and DR in 2018–
2019. All of the calculation results by three footprint approaches followed the order:
RR < RW < DR; meanwhile, RR was always significantly lower than DR. Methane and
NH3 field emissions were the hotspots of CF and NF, respectively. Blue WF accounts for
40.90–42.71% of DR, which was significantly higher than that of RR and RW, primarily
because DR needs a lot of irrigation water in both seasons. The gray WF of RW was
higher than those of DR and RR, mainly due to the higher application rate of N fertilizer.
In conclusion, RR possesses the characteristics of low agricultural inputs and high grain
yield and can reduce CF, NF, and WF, considering the future conditions of rural societal
developments and rapid demographic changes; we highlighted that the RR could be a
cleaner and sustainable approach to grain production.
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INTRODUCTION

Agriculture production is facing a daunting influence of climate
change to meet the increasing food consumption demands
(Ahmed et al., 2019; Liu et al., 2021; Yan et al., 2022). In
2020, close to 12% of the global population was food insecure
(FAO et al., 2021). For all that, FAO et al. (2018) reported that
climate variability and extreme climate were negatively affecting
agricultural productivity at the global, national, and local levels,
which was reflected in the change of crop yields, cropping area,
and intensity. Cereal is the main source of human food, and
cereal production of China accounted for approximately 23.13%
of the world’s cereal production (FAOSTAT, 2020). Rice (Oryza
sativa L.) is one of the most important cereals in China, with
the cropping area and yield accounting for 25.44 and 33.64%,
respectively (Liu et al., 2020a; National Bureau of Statistics
[NBS], 2022). Currently, rice production is facing three major
environmental problems, namely, (1) paddy rice production
is a primary source of greenhouse gas (GHG); the methane
emissions from paddy fields reach 33–40 Tg year−1 from 2000 to
2009, accounting for approximately 18% of global anthropogenic
methane emissions (Ciais et al., 2013); (2) farmers usually overuse
synthetic chemicals (especially, nitrogen fertilizer) to achieve
high yields, which have led China to become the world’s largest
consumer of nitrogen fertilizer with a proportion of 37.6% (Ray
et al., 2012). However, there is an extremely low nitrogen use
efficiency (NUE) at 35% in rice production in China (IPCC,
2013). Therefore, large amounts of reactive nitrogen (Nr) leak
into the environment due to the above issue, resulting in serious
environmental problems such as global warming, eutrophication,
and environment acidification (Tallentire et al., 2018); (3) rice
production consumes a lot of water. The global available water
shortage or regional extreme imbalance caused by climate change
poses a serious challenge to the allocation of water resources in
rice production (FAO, 2017).

In recent decades, the rice cropping system in central China
has undergone great changes, i.e., cultivation area of traditional
double-rice system (DR) has decreased, while ratoon rice system
(RR) and rice-wheat system (RW) have increased rapidly, due
to lower economic profit and labor shortage (Chen et al., 2020;
Jiang et al., 2020; Liu et al., 2020b). The conversion of the
rice cropping system not only significantly affects field GHG
emissions but also changes resource consumption and indirect
environmental emissions of agricultural inputs (IPCC, 2014;
Liu et al., 2020c). Therefore, it is highly necessary to develop
effective methods to evaluate the GHG emissions, Nr losses,
and water consumption for this conversion. In recent years,
footprint indicators, such as carbon footprint (CF), nitrogen
footprint (NF), and water footprint (WF), were widely used by
ecologists to estimate the environmental impact of agricultural
system (Pierer et al., 2014; Shrestha et al., 2017; Kashyap and
Agarwal, 2021; Zhang and Xu, 2021). The calculation of CF
and NF is usually based on the “cradle to grave” theory of
life cycle assessment (LCA) (British Standards Institution [BSI],
2008). The CF in the agricultural domain refers to all direct
(i.e., field) and indirect (i.e., agricultural inputs) GHG emissions
from agricultural production, which is expressed as the CO2

equivalent (Jiang et al., 2019). Similarly, the NF refers to the
Nr losses accompanied within the whole life cycle process of
crop cultivation quantified in kg N equivalent, including NH3
volatilization, N2O emissions, NO3

−, and NH4
+ leaching (Chen

et al., 2020). In this study, WF is based on the concept of
virtual water, which is divided into three parts: blue, green, and
gray water. Blue water refers to irrigation water, green water
mainly refers to natural precipitation, and gray water refers to
the freshwater consumption required to dilute nitrogen pollution
(Hoekstra et al., 2011; Mekonnen and Hoekstra, 2011).

Many previous studies have reported the CF or NF of DR
separately (Sun et al., 2019; Jiang et al., 2020; Zhang and Xu,
2021), Chen et al. (2020) proposed that CF of DR in China was
lower than RW, while NF was higher than RW. Xu et al. (2022)
suggested that the conversion of DR to RR in central China could
reduce CF. Jiang et al. (2020) reported that the conversion of DR
to maize rice in east China could also reduce CF. Xu et al. (2020b)
compared the WF and NF of different cultivation modes in North
China Plain. However, to our knowledge, few studies have applied
the CF, NF, and WF interconnect method to comprehensively
evaluate DR, RR, and RW. Therefore, the objectives of this
study were to (1) evaluate CF, NF, and WF of the three rice-
cropping systems and identify their contribution to hotspots and
(2) identify the rice production system with higher yield and less
environmental impacts and provide recommendations for future
research and policymaking.

MATERIALS AND METHODS

Site Description
The field experiment was conducted in the trial bases of
Sanhu farm, Jiangling county, Jingzhou city, Hubei province,
China (30◦12′N, 112◦31′E), between March 2017 and May 2019.
This area experiences a northern, humid, subtropical monsoon
climate with a mean annual temperature and average annual
precipitation of 16.0◦–16.4◦ and 900–1,100 mm, respectively.
The soil in this region was classified as inceptisol, while the
soil properties (0–20 cm depth) were as follows: total carbon
26.44 g/kg, total nitrogen 2.44 g/kg, organic matter 28.59 g/kg,
alkali hydrolyzed nitrogen 170.88 mg/kg, total phosphorus
0.38 g/kg, available phosphorus 12.67 mg/kg, total potassium
17.76 g/kg, available potassium 159 mg/kg, and pH 6.92.

Experimental Design and Management
Three rice cropping systems, namely, DR, RR, and RW, were
subjected with a randomized block design with three replications.
The size of each experimental plot was 98 m2 (14 m × 7 m),
and a ridge with plastic film attached around each plot was
established to prevent the flow of water and the fertilizer. The
previous cultivation pattern was rice monoculture and residue
return fields. Field management measures were according to
local agronomic practices. Detailed information of agricultural
inputs, including crop species, seed rate, agrochemical rate, diesel,
and electricity usage are shown in Table 1; the date of sowing,
transplanting, and harvest for the three cropping systems are
shown in Table 2; local daily average temperature and rainfall
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TABLE 1 | Life cycle inventory for the three rice cropping systems.

Items Unit DR RR RW

Early rice Late rice Subtotal First rice Ratoon rice Subtotal Rice Wheat Subtotal

N fertilizer kg/ha 180 180 360 200 150 350 225 90 315

P fertilizer kg/ha 75 75 150 75 0 75 75 0 75

K fertilizer kg/ha 180 150 330 180 0 180 180 0 180

Compound fertilizer kg/ha 0 0 0 0 0 0 0 600 600

Diesel L/ha 75.00 75.00 150 75.00 33.33 108.33 83.33 66.67 150.00

Electricity kWh/ha 369.25 910.85 1,280.1 381.42 82.23 463.65 375 0 375

Herbicides kg/ha 1.31 1.31 2.62 1.31 0 1.31 1.31 0 1.31

Insecticides kg/ha 0.8 0.8 1.6 0.8 0 0.8 0.8 0 0.8

Fungicides kg/ha 0.23 0.23 0.46 0.23 0 0.23 0.23 0.2 0.43

Labor person·d/ha 15 15 30 17 3 20 15 2 17

Rice seed kg/ha 18.75 18.75 37.5 18.75 0 18.75 18.75 0 18.75

Wheat seed kg/ha 0 0 0 0 0 0 0 225 225

DR, double-rice system; RR, ratoon rice system; RW, rice-wheat system.

TABLE 2 | Date of sowing, transplanting, and harvest for the three
cropping systems.

Year Treatment Sowing – transplanting – harvest (mm/dd)

1st season 2nd season

2017–2018

DR 03/29-05/02-07/20 06/23-07/27-11/03

RR 03/29-05/02-08/15 08/16-11/03

RW 05/12-06/06-09/25 11/09-05/16

2018-2019

DR 03/25-05/03-07/18 06/22-07/27-11/01

RR 03/25-05/03-08/10 08/11-10/23

RW 05/09-06/04-09/19 11/01-05/10

DR, double-rice system; RR, ratoon rice system; RW, rice-wheat system.

during the test period are shown in Figure 1. Field management
practices are provided as follows:

Double-Rice System
The early rice and late rice cultivar were Liangyou 287 and Jinyou
207, respectively. Transplanting density of both early and late rice
was 26.70 cm× 16.70 cm, with three seedlings in each hole. Both
the late and early rice received the same rate of N and P fertilizer,
with 180 kg N ha−1, 75 kg P2O5 ha−1, 180 and 150 kg K2O ha−1

were applied to early and late rice, respectively. P fertilizer was
applied once a season, while the rate of basal fertilizer and top-
dressing at the panicle of K fertilizer was 5:5. Usage of N fertilizer
in early rice was divided into basal fertilizer (50%), top-dressing at
tillering (20%), and top-dressing at panicle (30%), while the ratio
of late rice was 2:2:1.

Ratoon Rice System
The ratoon rice cultivar was Liangyou 6326. Transplanting
density of first-season rice was the same as that of early rice.
The fertilizer rate of first-season rice was 200 kg N ha−1,
75 kg P2O5 ha−1, and 180 kg K2O ha−1. Only 150 kg N

fertilizer was applied in the ratoon season (sprout-promoting
fertilizer:seedling-raising fertilizer = 1:1). Sprout-promoting
fertilizer was applied 10 days after full heading in the first season,
and seedling-raising fertilizer was applied 10 days after harvest in
the first season. The stubble height after harvest in the first season
was about 40 cm.

Rice-Wheat System
The rice and wheat varieties were Longliangyouhuazhan and
Zhengmai 9023, respectively. During rice cultivation, the
transplanting density was 26.70 cm × 16.70 cm, the proportion
of N fertilizer was base fertilizer:tillering fertilizer:earing fertilizer
= 4:3:3; P fertilizer was applied as base fertilizer at one time, and
the proportion of K fertilizer was base fertilizer:ear fertilizer = 1:1;
water managements were irrigation in the early stage, drying in
the middle stage, and alternating dry and wet in the later stage.
After the harvest of rice, wheat was seeded by a shallow rotary
cultivator with a sowing amount of 225 kg ha−1 and a basic
seedling density of 3 × 106 plants ha−1. During the growth
period of wheat, compound fertilizer (N:P2O5:K2O = 16:10:22),
600 kg ha−1 were applied as basal fertilizer, while top application
nitrogen of 90 kg ha−1 was applied. Other field managements
were the same as the conventional paddies.

System Boundary and Functional Unit
According to PAS 2050:2011 (British Standards Institution [BSI],
and Carbon Trust, 2011), we set the system boundary from
agricultural inputs production to the crops harvest (from cradle
to gate) for CF and NF. CF calculation did not involve changes
in soil carbon content based on the PAS 2050 principle. The
functional unit of CF, NF, and WF was 1 ton grain yield.

Calculation of Carbon Footprint
In accordance with the definition of IPCC 2006, the CF refers
to all indirect and direct greenhouse gas (GHG) emissions
within the whole life cycle process of crop production quantified
as CO2 equivalents (CO2-eq). The indirect GHG emissions
include manufacturing, transportation, storage, and application
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FIGURE 1 | Local daily average temperature and rainfall during the test period.

of agricultural inputs, while the direct emissions refer to CO2,
N2O, and CH4 emissions from soils; direct CO2 emission was
not considered in this study because of the higher CO2 fixation
by crops than their emissions (IPCC, 2013). Therefore, the CF
was calculated according to the following equations (Pandey and
Agrawal, 2014; Wang et al., 2016):

CF =
∑

(AIi× EFi)+ E(N2O)× 298+ CE(CH4)× 25
Y

(1)

where, AIi is the amount of agricultural inputs including
fertilizers, pesticides, electricity, diesel, seeds, and labor. EFi is
the carbon emission factors of agricultural inputs as shown in
Table 3, which is quoted from Ecoinvent version 2.2 (Swiss
Centre for Life Cycle Inventories, Switzerland) and Chinese Life
Cycle Database (CLCD version 0.8). CE (CH4) and E(N2O) are
the amount of methane and nitrous oxide measured directly from
soils. The global warming potential (GWP) coefficients of N2O
and CH4 at a 100-year time horizon (IPCC, 2013) are 298 and 25,
expressed in kg CO2-eq kg−1, respectively. Y is grain yield per
unit area, t ha−1.

Direct Greenhouse Gas Emissions
A static chamber (100 cm × 50 cm × 50 cm) method
and gas chromatography were employed to measure direct
GHG emissions (i.e., N2O and CH4) from soils. The material
of the chamber was Plexiglas, and a tinfoil was wrapped
around the chamber to keep the internal temperature from
changing drastically. N2O and CH4 fluxes were collected

between 9:00 and 11:00 one time per week; gas samples
were collected at 0, 5, and 10 min after the chamber was
closed. Concentrations of N2O and CH4 were analyzed by
a gas chromatograph (Agilent 7890A), in which, N2O was
detected with an electron capture detector (ECD), and CH4
was detected with a flame ionization detector (FCD). The N2O
and CH4 fluxes were calculated using a linear increase of gas
concentration over time. The calculation formula is as follows:

F =
dc
dt
· h · ρ ·

273
273+ T

(2)

where F is N2O and CH4 emission rates, the units of N2O
and CH4 are µg (m2 h)−1 and mg (m2 h)−1, respectively;
dc/dt is the rate of change of gas concentration in the chamber
with time during the sampling process; the units of N2O and
CH4 are µl (m3 h)−1 and ml (m3 h)−1, respectively; h is
the height of the chamber, 1.0 m; ρ is the gas density at
standard atmospheric pressure; the unit of N2O is 1.964 kg m−3,
and the unit of CH4 is 0.714 kg m−3; 273 is the absolute
temperature (K); T is the temperature inside the chamber
during sampling (◦).

Calculation of Nitrogen Footprint
Nitrogen footprint refers to the environmental impacts of Nr
loss on water, air, and soil based on ISO 14044 (ISO, 2006)
and CML2002 (Guinée et al., 2002) methodology, which was
characterized as eutrophication potential (EP) in this research.
Similar to the CF, the calculation of NF includes indirect
emissions of agricultural inputs and direct emissions from
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TABLE 3 | Emission factors of carbon and nitrogen footprints.

Agriculture inputs Carbon footprint (CF) Nitrogen footprint (NF)

Value Unit Value Unit

N fertilizer 1.53 kg CO2-eq kg−1 8.90E−04 kg N-eq kg−1

P fertilizer 1.63 kg CO2-eq kg−1 5.40E−04 kg N-eq kg−1

K fertilizer 0.65 kg CO2-eq kg−1 3.00E−05 kg N-eq kg−1

Compound fertilizer 1.77 kg CO2-eq kg−1 2.30E−04 kg N-eq kg−1

Diesel 4.99 kg CO2-eq L−1 5.36E−03 kg N-eq L−1

Electricity 0.82 kg CO2-eq kWh−1 1.20E−04 kg N-eq kWh−1

Herbicides 16.61 kg CO2-eq kg−1 3.53E−03 kg N-eq kg−1

Insecticides 10.15 kg CO2-eq kg−1 4.49E−03 kg N-eq kg−1

Fungicides 10.5 kg CO2-eq kg−1 7.05E−03 kg N-eq kg−1

Labor 0.86 kg CO2-eq person−1 d−1 0 kg N-eq person−1 d−1

Rice seed 1.84 kg CO2-eq kg−1 7.60E−04 kg N-eq kg−1

Wheat seed 0.58 kg CO2-eq kg−1 2.40E−04 kg N-eq kg−1

1. GHG emission factors of pesticides and seeds were quoted from Ecoinvent version 2.2 (Swiss Centre for Life Cycle Inventories, Switzerland), other factors were quoted
from Chinese Life Cycle Database (CLCD version 0.7, IKE Environmental Technology CO., Ltd, China); 2. active nitrogen emission factors were from eBalance version 3.0
(IKE Environment Technology Co., Ltd, China); and 3. diesel includes two parts: production and consumption.

soils. On-field Nr loss mainly includes NH3 volatilization,
N2O emission, and NO3

− and NH4
+ leaching, respectively.

The NF was calculated as follows (Chen et al., 2020):

NF =
∑

(AIj× EFj)+ NV(NH3)+ NL(NO−3 )+ NL(NH+4 )+ NE(N2O)

Y
(3)

where AIj is the amount of agricultural inputs, EFj is the
nitrogen emission factors of agricultural inputs (Table 3).
NV(NH3), NE(N2O), NL(NO3

−), and NL(NH4
+) are the

amount of NH3 volatilization, N2O emissions, and NO3
− and

NH4
+ leaching from the field, expressed in kg N-eq kg−1,

respectively.

NV(NH3) = N × α ×
17
14
× 0.833 (4)

NL(NO−3 ) = N × β ×
62
14
× 0.238 (5)

NL(NH+4 ) = N × γ ×
18
14
× 0.786 (6)

NE(N2O) = E(N2O) ×
44
28
× 0.476 (7)

where N is the nitrogen fertilizer rate (kg ha−1). α, β, and γ

are the coefficients of NH3 volatilization loss, NO3
−, and NH4

+

leaching, respectively. The α value is 0.142 (Xia et al., 2021).
In accordance with the manual for China fertilizer leaching
coefficients, the β value is 0.066 for DR and RR, 0.060 for RW;
the γ values are 0.339, 0.165, and 0.19% for DR, RR, and RW,
respectively. 17/14, 62/14, 18/14, and 44/28 are the molecular
weight ratios of NH3 to NH3-N, NO3

− to NO3
−-N, NH4

+ to
NH4

+-N, and N2O to N2O-N, respectively. 0.833, 0.238, 0.786,
and 0.476 are the EP coefficients of NH3, NO3

−, NH4
+, and N2O

at a 100-year time horizon, which are sourced from the CML2002
(Guinée et al., 2002).

Calculation of Water Footprint
In this article, the utilization of blue water and green water
resources is based on the measured results of the local 2-year
experiment. The pollution caused by N fertilizer application was
mainly considered when calculating gray WF, and the critical
dilution volume method was adopted to calculate gray water
demand. The calculation formulas are as follows:

WF =WFblue +WFgreen +WFgray (8)

WFblue =
CWUblue

Y
(9)

WFgreen =
CWUgreen

Y
(10)

WFgray =
CWUgray

Y
(11)

CWUgray =
Lp

Cmax−Cnat
(12)

where, WFblue, WFgreen, and WFgray refer to blue, green, and gray
WF, respectively, expressed in m3 t−1, respectively. CWUblue,
CWUgreen, and CWUgray are the water consumption of blue
water, green water, and gray water during crop growth period,
respectively, expressed in m3 ha−1, respectively. Lp is the amount
of pollutants entering water, and 10% of the total nitrogen
application amount is usually selected (Hoekstra et al., 2011).
Cmax is the maximum acceptable pollutant concentration in
water, no more than 10 mg of nitrogen per liter of drinking water
(EPA, 2005); Cnat is the concentration of the pollutant in the
water in the natural state, which is usually 0.

Statistical Analysis
All data were presented as the means ± SE (standard error).
Statistical analysis was conducted using SPSS 26.0 (SPSS Inc.,
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IL, Chicago, United States) and Origin Pro 9.0 (OriginLab
Corporation, Northampton, MA, United States). Two-way
ANOVA was employed to analyze effects of years and cropping
systems on the grain yield, CF, NF, and WF, followed by Duncan
multiple comparison with a significance level of 5%.

RESULTS

Variation of Cultivation Area and Yield
Performance
As shown in Figure 2, cultivation area of the traditional DR
in central China decreased from 4.72 million ha in 2005 to
3.81 million ha in 2018. On the contrary, the planting area of
RW increased by more than 1 million ha, from 2.74 to 3.80
million ha in the same period and area. What is more amazing
was that the RR increased nearly four times, from 0.12 to
0.57 million ha.

The 2-year experiment showed that there were some
significant differences in grain yield among the three rice
cropping systems (Table 4). In 2017–2018, the grain yield in RR
and RW was significantly higher than that in DR (P < 0.05);
however, no significant difference was detected between RR
and RW. When it came to 2018–2019, the grain yield of RR
was 16.83 t ha−1, which was significantly higher than RW
(15.55 t ha−1) and DR (15.06 t ha−1); no significant difference
was found between RW and DR. Additionally, the order of grain
yield was RR > RW > DR in both years.

Carbon Emissions and Carbon Footprint
The average contribution of different sources to the carbon
emissions is illustrated in Figure 3. It is clear that methane
on-field emission was the largest cause of the whole carbon
emissions with a percentage of 39.38–66.48%, closely followed
by the on-field nitrous oxide, the second important source,
accounting for 12.61–33.21%. Indirect GHG emissions from
agricultural inputs together accounted for 20.91–34.30%, in
which, synthetic fertilizer, diesel for mechanical cultivation, and
electricity for irrigation were the most important sources to
the carbon emissions (Table 5 and Figure 3). Furthermore,
compound fertilizer in RW system was the primary single
agricultural input source accounting for 11.82–11.93% of the
total GHG emissions.

Table 4 shows the CF performance of the three cropping
systems. The total CF were from 483.98 to 1,094.13 kg CO2-
eq t−1 among the three modes during the 2 years. In 2017–2018,
DR system had the highest CF at 1,094.13 kg CO2-eq t−1,
significantly higher than those of 604.99 kg CO2-eq t−1 for RW
and 567.22 kg CO2-eq t−1 for RR (P < 0.05), but no significant
difference between RW and RR. In 2018–2019, DR maintained
the highest CF of 718.97 kg CO2-eq t−1, 24.27 and 48.55% higher
than RW and RR (P < 0.05), respectively. In addition, RW
was 19.54% higher than RR. The interaction between cropping
systems and year had a highly significant effect on CF (P < 0.01).
Specifically, the CF of the three systems in 2 years presented the
following order: DR > RW > RR.

Nitrogen Emissions and Nitrogen
Footprint
Table 5 and Figure 4 show that NH3 volatilization was the
principal source to the Nr emissions with the proportion of
58.47% to DR, 60.76% to RR, and 64.20% to RW, respectively.
The second significant contributor to the Nr emissions was NO3

−

leaching, which accounted for 28.27–29.43% among the three
rice cropping systems. Additionally, N2O had a percentage of
5.16–10.22% to the N emissions as the third important source.
In contrast, all of the agricultural inputs and NH4

+ had little
contribution to the total nitrogen emissions, accounting for only
1.93–3.00% taken together.

Ratoon rice system showed the lowest NF of 5.41 and
5.03 kg N-eq t−1 in 2017–2018 and 2018–2019, respectively
(Table 4), significantly lower than those of DR and RW in both
years (P < 0.05), while the highest NF value was observed in
DR, which were 6.59 and 6.07 kg N-eq t−1 in the 2 years,
respectively. Obviously, the NF value of RW was somewhere
between DR and RR. Furthermore, no significant differences
existed between RW and DR.

Water Footprint Performance
The WF value for DR system was found to be the highest at
1,338.33 and 1,103.79 m3 t−1 in the two study years, respectively
(Table 4), 24.52% higher than RR and 13.06% higher than RW in
the first year (P < 0.05), while the percentages were 21.40 and
9.56% in the second year. WF values for the RW system were
10.13 and 10.81% higher than those of the RR within 2 years
(P < 0.05).

Figure 5 shows that green, blue, and gray water contributed
35.64–38.37, 40.90–42.71, and 20.74–21.66%, respectively, to
the whole WF for DR, while the proportions of the three
categories of water for the RR mode were respectively 38.55–
41.47, 36.73–38.57, and 21.79–22.88%. In addition, green water
(48.85–55.72%) was the largest contributor to WF for RW.
Noticeably, the blue WF among the three rice cropping systems
demonstrated the order of DR > RR > RW in both years, which
showed the difference in irrigation water use. Additionally, the
RR mode had the smallest WF value, significantly lower than the
other two modes.

DISCUSSION

Effects of Different Cropping Systems on
Carbon Footprint
In this study, the CF values among the three rice cropping
systems over the 2 years were 483.98–1,094.13 kg CO2-eq t−1

(Table 4), which were consistent with many previous studies in
central or southern China (Liu et al., 2016; Xue et al., 2016;
Chen et al., 2020; Xu et al., 2020a). However, Jiang et al. (2020)
reported a slightly higher CF value of DR pattern since they
adopted higher direct and indirect emission factors. Liu et al.
(2020d) reported a higher CF in southern China mainly because
of more intensive machinery operation and extensive use of
plastic films. A significantly higher CF in a DR system reported
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FIGURE 2 | Shift of cultivation area for the three rice cropping systems in central China. DR, double-rice system; RR, ratoon rice system; RW, rice-wheat system; the
original data came from Agricultural Technology Extension Station of Hubei, China.

TABLE 4 | Grain yield, carbon, nitrogen, and water footprints of the three cropping systems.

Year Treatment Grain yield (t/ha) Carbon footprint (kg CO2-eq/t) Nitrogen footprint (kg N-eq/t) Water footprint (m3/t)

2017–2018

DR 12.99 ± 0.65b 1,094.13 ± 100.63a 6.59 ± 0.49a 1,338.33 ± 65.36a

RR 14.95 ± 0.28a 567.22 ± 79.65b 5.41 ± 0.21b 1,074.81 ± 20.57c

RW 14.72 ± 0.52a 604.99 ± 27.28b 6.23 ± 0.27a 1,183.72 ± 41.54b

2018–2019

DR 15.06 ± 0.24b 718.97 ± 37.65a 6.07 ± 0.26a 1,103.79 ± 17.43a

RR 16.83 ± 0.23a 483.98 ± 14.28c 5.03 ± 0.06b 909.21 ± 12.46c

RW 15.55 ± 0.34b 578.57 ± 55.67b 5.94 ± 0.25a 1,007.46 ± 22.20b

F-value

Year (Y) 68.38** 32.15** 8.55* 135.21**

Cropping systems (C) 31.38** 68.00** 25.03** 64.25**

Y × C 4.01* 14.37** 0.24ns 1.68ns

DR, double-rice system; RR, ratoon rice system; RW, rice-wheat system.
Mean ± standard deviation; different lower-case letters in the same year and column indicate the significantly differences (P < 0.05); * significant at P < 0.05, ** significant
at P < 0.01, nsP > 0.05.

by Sun et al. (2019) possibly attributed to the adoption of higher
emission factors of agricultural inputs. Results from this study
are higher than the research by Cheng et al. (2015), since their
calculation of CH4 and N2O were based on lower statistical data
and emission coefficients.

In this research, direct GHG emissions, especially methane
on-field emission, constituted the largest fraction to CF in all of
the three rice cropping systems (Figure 3), which was consistent
with many previous studies (Xue et al., 2016; Jiang et al., 2020;
Xu et al., 2022). Therefore, reduction of field methane emissions
would be an effective strategy for reducing CF; there are a
number of appropriate farming practices that can serve this
purpose. For example, Fertitta-Roberts et al. (2019) reported
that noncontinuous flooding can reduce methane emissions by

44%; Liu et al. (2020d) found that N fertilizer deep placement
can reduce methane on-field emission by 36–39%; Jiang et al.
(2019) reported that optimizing the amount of N fertilizer can
reduce GHG emissions. Additionally, synthetic fertilizer was the
principal component of GHG emission from agricultural inputs
(Table 5 and Figure 3), similar with the results reported by
Chen et al. (2020) and Xue et al. (2016); in addition, indirect
GHG emission from electricity accounts for up to 35.37% in DR
system mainly because DR system needs a lot of electric power
for pumping irrigation. Yu et al. (2021) suggested that GWP of
the second season was significantly lower than the first season
in RR, which is similar to our result. Furthermore, Figure 3
shows that CH4 emissions of the three cropping systems in 2017–
2018 were all higher than that of 2018–2019, when it came
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FIGURE 3 | Average contribution of different sources to the carbon emission of the three cropping systems. DR, double-rice system; RR, ratoon rice system; and
RW, rice-wheat system.

TABLE 5 | Yearly average greenhouse gases (GHGs) and reactive nitrogen (Nr) emissions for the three rice cropping systems.

Items GHG emission (kg CO2-eq/ha) Nr emission (kg N-eq/ha)

DR RR RW DR RR RW

Indirect emissions

N fertilizer 550.8 535.5 481.95 0.32 0.312 0.28

P fertilizer 244.5 122.25 122.25 0.081 0.041 0.041

K fertilizer 214.5 117 117 0.01 0.005 0.005

Compound fertilizer 0 0 1062 0 0 0.138

Diesel 748.5 540.57 748.5 0.804 0.581 0.804

Electricity 1049.68 380.19 307.5 0.154 0.056 0.045

Herbicides 43.52 21.76 21.76 0.009 0.005 0.005

Insecticides 16.24 8.12 8.12 0.007 0.004 0.004

Fungicides 4.83 2.42 4.52 0.003 0.002 0.003

Labor 25.8 17.2 14.62 0 0 0

Rice seed 69 34.5 34.5 0.029 0.014 0.014

Wheat seed 0 0 130.5 0 0 0.054

Direct emissions

CH4 6,849.67 4,583.67 4,476.5

N2O 2,692.43 1,940.97 1,413.51 9.04 6.51 4.74

NH3 51.71 50.27 59.03

NO3
− 25.04 24.35 25.99

NH4
+ 1.23 0.58 0.79

Total 12,509.47 8,304.15 8,943.23 88.44 82.73 91.94

DR, double-rice system; RR, ratoon rice system; RW, rice-wheat system.

to N2O; the results were opposite. This phenomenon could be
explained by the following reasons. Methane is only produced
rely on the decomposition of soil microorganisms under
anaerobic conditions (Fagodiya et al., 2017), while nitrous oxide
is primarily produced through nitrification and denitrification
under aerobic conditions (Bouwman, 1998). However, rainfall

during the rice growing season in 2018 was 7 days less than
usual, and the temperature was 1.4◦ higher on average (Hubei
Meteorological Service [HMS], 2018). Under the condition of
sufficient oxygen, high temperature, and dry soils in 2018, N2O
emissions would be enhanced while the production of CH4 was
severely inhibited.
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FIGURE 4 | Contribution of different sources to the reactive N emission of the
three cropping systems. DR, double-rice system; RR, ratoon rice system; and
RW, rice-wheat system.

In this study, cropping systems have significant effects on yield
and CF (P < 0.01) and the general trend of CF in the two study
years being DR > RW > RR (Table 4). Similarly, Chen et al.
(2020) showed that the CF for DR was 12.17% higher than RW,
mainly attributed to higher CH4 field emission of DR. Xu et al.
(2022) indicated that the RR system reduced average annual CF
by 27.37% compared with the DR system, which may be due
to the annual CF of the second season in RR was significantly
lower than that of DR. Therefore, it demonstrated the possibility
of rational selection of cultivation mode to balance yield and

footprint impact, which is consistent with many previous studies
(Ali et al., 2012; Cha-un et al., 2017; Sun et al., 2019).

Effects of Different Cropping Systems on
Nitrogen Footprint
In this study, the NF value for the three systems was 5.03–6.59 kg
N-eq t−1 across the two test years (Table 4), which were higher
than the NF of a rice monoculture system in central China (Xu
et al., 2020a) mainly because of the lower application of the N
fertilizer rate. Chen et al. (2020) and Xue et al. (2016) reported
higher average NF for DR and RW in southern China since
they employed higher NH3 and N2O emission factors; Pierer
et al. (2014) reported a significantly higher NF of cereals in
Austria, possibly because they calculated the NF of not only
the production process but also the consumption process. In
addition, NH3 volatilization was the primary source of active
N emission among the compared cropping patterns (Table 5
and Figure 4), which agrees with previous studies (Leip et al.,
2014; Chen et al., 2020; Xu et al., 2020b). Therefore, the selection
of NH3 volatilization coefficient was very important for the
calculation of NF; thus, we chose a NH3 volatilization coefficient
obtained from the long-term location tests in the study site, which
was close to other test results in central China (Qi et al., 2012; Li
et al., 2018). Moreover, Chen et al. (2020) and Xu et al. (2020b)
suggested NO3

− was the second major source to the NF, which
was consistent with our result. A large number of previous studies
showed that Nr was closely related to the N fertilizer applications
(Qi et al., 2012; Pierer et al., 2014; Xu et al., 2020b). So proper
nitrogen fertilizer management is crucial to the mitigation of Nr

FIGURE 5 | Water footprint for the three rice cropping systems. DR, double-rice system; RR, ratoon rice system; RW, rice-wheat system. Different lower-case letters
indicate the significant differences (P < 0.05) in a same individual water footprint.
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without compromising the grain yield, such as reasonably adjust
the amount of nitrogen application (Qi et al., 2012) or selecting
appropriate fertilizer categories (Lian et al., 2018). It is difficult to
compare the NF value with others owing to the limited research
on NF of the three rice cropping systems. Similar to the CF,
cropping systems have a significant effect on NF (P < 0.01),
and the NF value follows the tendency of DR > RW > RR
(Table 4). On the contrary, Chen et al. (2020) found that NF of
DR was lower than RW by 13.43%, primarily because RW had a
lower grain yield.

Effects of Different Cropping Systems on
Water Footprint
The WF of the three rice cropping systems in this study ranged
from 909.21 to 1,338.33 m3 t−1 (Table 4), which were similar to
some studies (Xu et al., 2020b; Zhai et al., 2021). Chapagain and
Hoekstra (2011) also reported the green, blue, gray, and total WF
of rice production in China, respectively, were 367, 487, 117, and
971 m3 t−1, while the values of global average WF of rice planting
were 346, 374, 65, and 784 m3 t−1. The difference mainly came
from gray WF due to the higher N fertilizer rates. Kashyap and
Agarwal (2021) indicated higher WF value of rice and wheat in
India, primarily due to the higher blue WF; local farmers used a
lot of irrigation water under drought conditions. In addition, the
average blue WF followed the order: DR > RR > RW (Figure 5)
possibly because DR still needs a lot of irrigation water in the
second season, which is significantly higher than that of RR, while
RW only needs natural precipitation instead of irrigation water
in the second season, which is also the reason why RW has the
highest proportion of green WF. Moreover, due to the different
nitrogen application rates and yield factors, both RW and DR had
significantly higher gray WF than RR (Figure 5). Therefore, the
key to reducing WF lies in water-saving irrigation and nitrogen
reduction (Zhang et al., 2014; Livsey et al., 2019).

In this study, year and cropping system had profound impacts
on grain yield and WF (Table 4). In fact, the total amount of
virtual water in 2017–2018 was only 4.43–11.17% higher than that
in 2018–2019, but the WF of the former was 17.50–21.25% higher
than that of the latter, which was mainly because grain yield of all
treatments in 2018–2019 were higher than that in 2017–2018 due
to a better meteorological conditions (Figure 1).

Policy Suggestion for System Selection
Grain yield and environmental impacts need to be considered
during rice production decision-making (Zhu et al., 2016).
Compared with DR and RW systems, RR was a low-cost and
high-output cultivation mode not only because of the low labor
intensity but also because of the feature of harvesting twice in a
single year while only sowing once (Tables 2, 3). Our results also
illustrated that the RR system had a lower environmental impact
due to its performances on CF, NF, and WF, but with the highest
grain yield (Table 4), which was consistent with a research (Xu
et al., 2022). The RR system has become a significant cropping
system promoted over a wide region of southern China since the
1980s. Meanwhile, there are 3.3 million ha rice fields suitable for

growing ratoon rice accounting for 30.8% of the total paddy fields
in southern China (Xu et al., 2022).

Furthermore, it is important to take into account the
current social environment and rural situation when appropriate
agricultural policies are established (Pandey and Agrawal, 2014;
Zhou et al., 2022). First, the population issue cannot be ignored
because the rural population accounts for only 36.11% of the total
population with a sharp decrease by 164.36 million during 2010–
2020. Second, the population older than 60 years accounted for
18.70% compared with 13.26% in 2010; therefore, the problem
of an aging population will deepen (NBS, 2022). Finally, the
interaction of rural land transfer and urbanization also has an
impact on the rural population (National Bureau of Statistics
[NBS], 2021). All of these factors have resulted in a large
reduction in the rural laborers; therefore, the low labor intensity
rice planting mode (i.e., RR) has become an important choice.

CONCLUSION

Considering the future conditions of rural societal developments
and rapid demographic changes, our results highlight that
the RR system could be an important tradeoff of grain yield
and environmental impacts. Additionally, reasonable nitrogen
application and irrigation are helpful to reduce the impacts of CF,
NF, and WF and maintain stable yield. Although the 2 years of
experiment was conducted in the typical rice cultivation region
in central China, there were still many uncertain factors in
the assessment of CF, NF, and WF at a regional scale due to
spatial and soil heterogeneity. Therefore, long-term and regional-
scale experiments are needed to obtain comprehensive detailed
information on CF, NF, and WF.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

YZ, BZ, and ZL initiated and designed the research. YZ and
SG performed the experiments. KL, MH, SF, BZ, and ZL
revised and edited the manuscript and provided advice on the
experiments. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by the Hubei Key Program of Research
and Development (grant number 2020BBA044), National
Natural Science Foundation of China (grant number 31870424),
Engineering Research Center of Ecology and Agricultural Use of
Wetland, Ministry of Education (grant number KFT201904), and
Science Planning Project of Xiaogan City, Hubei Province (grant
number XGKJ2020010056).

Frontiers in Plant Science | www.frontiersin.org 10 May 2022 | Volume 13 | Article 895402

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-895402 April 28, 2022 Time: 16:42 # 11

Zhou et al. RR Mitigates Ecological Footprints

REFERENCES
Ahmed, M., Stöckle, C. O., Nelson, R., Higgins, S., Ahmad, S., and Raza, M. A.

(2019). Novel multimodel ensemble approach to evaluate the sole effect of
elevated CO2 on winter wheat productivity. Sci. Rep. 9:7813. doi: 10.1038/
s41598-019-44251-x

Ali, R. I., Awan, T. H., Ahmad, M., Saleem, M. U., and Akhtar, M. (2012).
Diversification of rice based cropping systems to improve soil fertility,
sustainable productivity and economics. J. Anim. Plant Sci. 22, 108–112.

Bouwman, A. F. (1998). Environmental science: nitrogen oxides and tropical
agriculture. Nature 392, 866–867. doi: 10.1038/31809

British Standards Institution [BSI], and Carbon Trust (2011). Specification for the
Assessment of the Life Cycle Greenhouse Gas Emissions of Goods and Services.
London: British Standards Institution, 36.

British Standards Institution [BSI] (2008). Specification for the Assessment of
Life Cycle Greenhouse Gas Emissions of Goods and Services. London: British
Standards Institute.

Chapagain, A. K., and Hoekstra, A. Y. (2011). The blue, green and gray water
footprint of rice from production and consumption perspectives. Ecol. Econ.
70, 749–758. doi: 10.1016/j.ecolecon.2010.11.012

Cha-un, N., Chidthaisong, A., Yagi, K., Sudo, S., and Towprayoon, S. (2017).
Greenhouse gas emissions, soil carbon sequestration and crop yields in a rain-
fed rice field with crop rotation management. Agric. Ecosyst. Environ. 237,
109–120. doi: 10.1016/j.agee.2016.12.025

Chen, Z., Xu, C., Ji, L., Feng, J., Li, F., Zhou, X., et al. (2020). Effects of multi-
cropping system on temporal and spatial distribution of carbon and nitrogen
footprint of major crops in China. Glob. Ecol. Conserv. 22:00895.

Cheng, K., Yan, M., Nayak, D., Pan, G., Smith, P., Zheng, J., et al. (2015). Carbon
footprint of crop production in China: an analysis of national statistics data.
J. Agric. Sci. 153, 422–431. doi: 10.1017/s0021859614000665

Ciais, P., Gasser, T., Paris, J. D., Caldeira, K., Raupach, M. R., Canadell, J. G., et al.
(2013). Attributing the increase in atmospheric CO2 to emitters and absorbers.
Nat. Clim. Change 3, 926–930. doi: 10.1038/nature07944

EPA (2005). List of Drinking Water Contaminants: Ground Water and Drinking
Water, US Environmental Protection Agency. Washington, DC: Environmental
Protection Agency.

Fagodiya, R. K., Pathak, H., Kumar, A., Bhatia, A., and Jain, N. (2017).
Global temperature change potential of nitrogen use in agriculture: a 50-year
assessment. Sci. Rep. 7:44928. doi: 10.1038/srep44928

FAO, IFAD, UNICEF, WFP, and WHO (2018). The State of Food Security and
Nutrition in the World 2018. Building Climate Resilience for Food Security and
Nutrition. Rome: FAO.

FAO, IFAD, UNICEF, WFP, and WHO (2021). The State of Food Security and
Nutrition in the World 2021. Building Climate Resilience for Food Security and
Nutrition. Rome: FAO.

FAO (2017). Water for Sustainable Food and Agriculture: A Report Produced for the
G20 Presidency of Germany. Rome: Food and Agricultural Organization (FAO).

FAOSTAT (2020). World Food and Agriculture – Statistical Yearbook 2020. Rome:
FAOSTAT.

Fertitta-Roberts, C., Oikawa, P. Y., and Darrel Jenerette, G. (2019). Evaluating the
GHG mitigation-potential of alternate wetting and drying in rice through life
cycle assessment. Sci. Total Environ. 653, 1343–1353. doi: 10.1016/j.scitotenv.
2018.10.327

Guinée, J. B., Gorree, M., Heijungs, R., Huppes, G., Kleijn, R., de Koning, A.,
et al. (2002). Life Cycle Assessment: An Operational Guide to the ISO Standards.
Dordrecht: Kluwer Academic Publishers.

Hubei Meteorological Service [HMS] (2018). Annual Climate Assessment Report of
Hubei Province. Wuhan: Hubei Meteorological Service (HMS).

Hoekstra, A. Y., Chapagain, A. K., Aldaya, M. M., and Hoekstra, M. M. M.
(2011). The water footprint assessment manual: setting the global standard. Soc.
Environ. Account. J. 31, 181–182. doi: 10.1080/0969160x.2011.593864

IPCC (2013). “Climate change 2013: the physical science basis,” in Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change, eds T. F. Stocker, D. Qin, G. K. Plattner, M. Tignor, S. K.
Allen, J. Boschung, et al. (Cambridge, MA: Cambridge University Press).

IPCC (2014). “Climate Change 2014: Mitigation of Climate Change,” in
Contribution of Working Group III to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change, eds O. Edenhofer, R. Pichs-
Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, et al. (Cambridge:
IPCC). doi: 10.1007/s11120-017-0383-x

ISO (2006). ISO 14044: Environmental Management – Life Cycle Assessment –
Requirements and Guidelines. Geneva: International Organization for
Standardization.

Jiang, Z., Lin, J., Liu, Y., Mo, C., and Yang, J. (2020). Double paddy rice conversion
to maize–paddy rice reduces carbon footprint and enhances net carbon sink.
J. Clean. Prod. 258:120643. doi: 10.1016/j.jclepro.2020.120643

Jiang, Z., Zhong, Y., Yang, J., Wu, Y., Li, H., and Zheng, L. (2019). Effect of
nitrogen fertilizer rates on carbon footprint and ecosystem service of carbon
sequestration in rice production. Sci. Total Environ. 670, 210–217. doi: 10.1016/
j.scitotenv.2019.03.188

Kashyap, D., and Agarwal, T. (2021). Carbon footprint and water footprint of rice
and wheat production in Punjab, India. Agric. Syst. 186:102959. doi: 10.1016/j.
scitotenv.2018.07.018

Leip, A., Weiss, F., Lesschen, J. P., and Westhoek, H. (2014). The nitrogen footprint
of food products in the European Union. J. Agric. Sci. 152, 20–33. doi: 10.1017/
s0021859613000786

Li, P., Lu, J., Wang, Y., Wang, S., Hussain, S., Ren, T., et al. (2018). Nitrogen
losses, use efficiency, and productivity of early rice under controlled-release
urea. Agric. Ecosyst. Environ. 251, 78–87. doi: 10.1016/j.agee.2017.09.020

Lian, Z., Ouyang, W., Hao, F., Liu, H., Hao, Z., Lin, C., et al. (2018).
Changes in fertilizer categories significantly altered the estimates of ammonia
volatilizations induced from increased synthetic fertilizer application to
Chinese rice fields. Agric. Ecosyst. Environ. 265, 112–122. doi: 10.1016/j.agee.
2018.05.025

Liu, K., Harrison, M. T., Archontoulis, S. V., Huth, N., Yang, R., Liu, D., et al.
(2021). Climate change shifts forward flowering and reduces crop waterlogging
stress. Environ. Res. Lett. 16:094017. doi: 10.1088/1748-9326/ac1b5a

Liu, K., Harrison, M. T., Ibrahim, A., Manik, S. M. N., Johnson, P., Tian, X., et al.
(2020a). Genetic factors increasing barley grain yields under soil waterlogging.
Food Energy Secur. 9:238.

Liu, K., Harrison, M. T., Shabala, S., Meinke, H., Ahmed, I., Zhang, Y., et al.
(2020b). The state of the art in modeling waterlogging impacts on plants: what
do we know and what do we need to know. Earths Future 8:e2020EF001801.

Liu, K., Yang, R., Deng, J., Huang, L., Wei, Z., Ma, G., et al. (2020c). High
radiation use efficiency improves yield in the recently developed elite hybrid
rice Y-liangyou 900. Field Crops Res. 253:107804. doi: 10.1016/j.fcr.2020.107804

Liu, Q., Liu, B., Ambus, P., Zhang, Y., Hansen, V., Lin, Z., et al. (2016). Carbon
footprint of rice production under biochar amendment – a case study in a
Chinese rice cropping system. GCB Bioenergy 8, 148–159. doi: 10.1111/gcbb.
12248

Liu, T., Li, S., Guo, L., Cao, C., Li, C., Zhai, Z., et al. (2020d). Advantages of nitrogen
fertilizer deep placement in greenhouse gas emissions and net ecosystem
economic benefits from no-tillage paddy fields. J. Clean. Prod. 263:121322.
doi: 10.1016/j.jclepro.2020.121322

Livsey, J., Kätterer, T., Vico, G., Lyon, S. W., Lindborg, R., Scaini, A., et al.
(2019). Do alternative irrigation strategies for rice cultivation decrease water
footprints at the cost of long-term soil health? Environ. Res. Lett. 14:074011.
doi: 10.1088/1748-9326/ab2108

Mekonnen, M. M., and Hoekstra, A. Y. (2011). The green, blue and gray water
footprint of crops and derived crop products. Hydrol. Earth Syst. Sci. 15,
1577–1600. doi: 10.5194/hess-15-1577-2011

National Bureau of Statistics [NBS] (2021). Bulletin of the Seventh National Census
(No. 7) – Urban and Rural Population and Floating Population. Bauchi: National
Bureau of Statistics (NBS).

National Bureau of Statistics [NBS] (2022). Statistical Bulletin of the People’s
Republic of China on National Economic and Social Development. Bauchi:
National Bureau of Statistics (NBS).

Pandey, D., and Agrawal, M. (2014). “Carbon footprint estimation in the
agriculture Sector,” in Assessment of Carbon Footprint in Different Industrial
Sectors, ed. S. S. Muthu (Singapore: Springer Singapore), 25–47. doi: 10.1007/
978-981-4560-41-2_2

Pierer, M., Winiwarter, W., Leach, A. M., and Galloway, J. N. (2014). The nitrogen
footprint of food products and general consumption patterns in Austria. Food
Policy 49, 128–136. doi: 10.1016/j.foodpol.2014.07.004

Frontiers in Plant Science | www.frontiersin.org 11 May 2022 | Volume 13 | Article 895402

https://doi.org/10.1038/s41598-019-44251-x
https://doi.org/10.1038/s41598-019-44251-x
https://doi.org/10.1038/31809
https://doi.org/10.1016/j.ecolecon.2010.11.012
https://doi.org/10.1016/j.agee.2016.12.025
https://doi.org/10.1017/s0021859614000665
https://doi.org/10.1038/nature07944
https://doi.org/10.1038/srep44928
https://doi.org/10.1016/j.scitotenv.2018.10.327
https://doi.org/10.1016/j.scitotenv.2018.10.327
https://doi.org/10.1080/0969160x.2011.593864
https://doi.org/10.1007/s11120-017-0383-x
https://doi.org/10.1016/j.jclepro.2020.120643
https://doi.org/10.1016/j.scitotenv.2019.03.188
https://doi.org/10.1016/j.scitotenv.2019.03.188
https://doi.org/10.1016/j.scitotenv.2018.07.018
https://doi.org/10.1016/j.scitotenv.2018.07.018
https://doi.org/10.1017/s0021859613000786
https://doi.org/10.1017/s0021859613000786
https://doi.org/10.1016/j.agee.2017.09.020
https://doi.org/10.1016/j.agee.2018.05.025
https://doi.org/10.1016/j.agee.2018.05.025
https://doi.org/10.1088/1748-9326/ac1b5a
https://doi.org/10.1016/j.fcr.2020.107804
https://doi.org/10.1111/gcbb.12248
https://doi.org/10.1111/gcbb.12248
https://doi.org/10.1016/j.jclepro.2020.121322
https://doi.org/10.1088/1748-9326/ab2108
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.1007/978-981-4560-41-2_2
https://doi.org/10.1007/978-981-4560-41-2_2
https://doi.org/10.1016/j.foodpol.2014.07.004
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-895402 April 28, 2022 Time: 16:42 # 12

Zhou et al. RR Mitigates Ecological Footprints

Qi, X., Nie, L., Liu, H., Peng, S., Shah, F., Huang, J., et al. (2012). Grain yield
and apparent N recovery efficiency of dry direct-seeded rice under different N
treatments aimed to reduce soil ammonia volatilization. Field Crops Res. 134,
138–143. doi: 10.1016/j.fcr.2012.05.010

Ray, D. K., Ramankutty, N., Mueller, N. D., West, P. C., and Foley, J. A. (2012).
Recent patterns of crop yield growth and stagnation. Nat. Commun. 3:1293.
doi: 10.1038/ncomms2296

Shrestha, S., Chapagain, R., and Babel, M. S. (2017). Quantifying the impact of
climate change on crop yield and water footprint of rice in the Nam Oon
Irrigation Project, Thailand. Sci. Total Environ. 599-600, 689–699. doi: 10.1016/
j.scitotenv.2017.05.028

Sun, M., Zhan, M., Zhao, M., Tang, L., Qin, M., Cao, C., et al. (2019). Maize and
rice double cropping benefits carbon footprint and soil carbon budget in paddy
field. Field Crops Res. 243:107620. doi: 10.1016/j.fcr.2019.107620

Tallentire, C. W., Leinonen, I., and Kyriazakis, I. (2018). Artificial selection for
improved energy efficiency is reaching its limits in broiler chickens. Sci. Rep.
8:1168.

Wang, Z., Zhang, H., Lu, X., Wang, M., Chu, Q., Wen, X., et al. (2016). Lowering
carbon footprint of winter wheat by improving management practices in North
China Plain. J. Clean. Prod. 112, 149–157. doi: 10.1016/j.jclepro.2015.06.084

Xia, Y., Wang, S., Sun, P., Chen, X., Shen, J., Wang, H., et al. (2021). Ammonia
emission patterns of typical planting systems in the middle and lower reaches of
the Yangtze River and key technologies for ammonia emission reduction. Chin.
J. Eco Agric. 29, 1981–1989.

Xu, Q., Hu, K., Liang, H., Leghari, S. J., and Knudsen, M. T. (2020b). Incorporating
the WHCNS model to assess water and nitrogen footprint of alternative
cropping systems for grain production in the North China Plain. J. Clean. Prod.
263:121548. doi: 10.1016/j.jclepro.2020.121548

Xu, Q., Hu, K., Yao, Z., and Zuo, Q. (2020a). Evaluation of carbon, nitrogen
footprint and primary energy demand under different rice production systems.
Ecol. Indic. 117:106634. doi: 10.1016/j.ecolind.2020.106634

Xu, Y., Liang, L., Wang, B., Xiang, J., Gao, M., Fu, Z., et al. (2022). Conversion
from double-season rice to ratoon rice paddy fields reduces carbon footprint
and enhances net ecosystem economic benefit. Sci. Total Environ. 813:152550.
doi: 10.1016/j.scitotenv.2021.152550

Xue, J., Pu, C., Liu, S., Zhao, X., Zhang, R., Chen, F., et al. (2016). Carbon and
nitrogen footprint of double rice production in Southern China. Ecol. Indic. 64,
249–257. doi: 10.1371/journal.pone.0155926

Yan, H., Harrison, M. T., Liu, K., Wang, B., Feng, P., Fahad, S., et al. (2022). Crop
traits enabling yield gains under more frequent extreme climatic events. Sci.
Total Environ. 808:152170. doi: 10.1016/j.scitotenv.2021.152170

Yu, X., Yuan, S., Tao, X., Huang, J., Yang, G., Deng, Z., et al. (2021). Comparisons
between main and ratoon crops in resource use efficiencies, environmental
impacts, and economic profits of rice ratooning system in central China. Sci.
Total Environ. 799:149246. doi: 10.1016/j.scitotenv.2021.149246

Zhai, Y., Zhang, T., Bai, Y., Ji, C., Ma, X., Shen, X., et al. (2021). Energy and water
footprints of cereal production in China. Resour. Conserv. Recycl. 164:105150.
doi: 10.1016/j.resconrec.2020.105150

Zhang, L., and Xu, X. (2021). Difference in carbon footprint between
single- and double-cropping rice production in China, 2003–2016.
Environ. Sci. Pollut. Res. 28, 27308–27317. doi: 10.1007/s11356-021-12
543-3

Zhang, L., Yin, X., Zhi, Y., and Yang, Z. (2014). Determination of virtual
water content of rice and spatial characteristics analysis in China.
Hydrol. Earth Syst. Sci. 18, 2103–2111. doi: 10.5194/hess-18-2103-
2014

Zhou, Y., Yan, X., Gong, S., Li, C., Zhu, R., Zhu, B., et al. (2022). Changes in
paddy cropping system enhanced economic profit and ecological sustainability
in central China. J. Integr. Agric. 21, 566–577. doi: 10.1016/s2095-3119(21)
63841-8

Zhu, B., Yi, L., Xu, H., Guo, L., Hu, Y., Zeng, Z., et al. (2016). Non-leguminous
winter cover crop and nitrogen rate in relation to double rice grain yield and
nitrogen uptake in Dongting Lake Plain, Hunan Province, China. J. Integr.
Agric. 15, 2507–2514. doi: 10.1016/s2095-3119(16)61331-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhou, Liu, Harrison, Fahad, Gong, Zhu and Liu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org 12 May 2022 | Volume 13 | Article 895402

https://doi.org/10.1016/j.fcr.2012.05.010
https://doi.org/10.1038/ncomms2296
https://doi.org/10.1016/j.scitotenv.2017.05.028
https://doi.org/10.1016/j.scitotenv.2017.05.028
https://doi.org/10.1016/j.fcr.2019.107620
https://doi.org/10.1016/j.jclepro.2015.06.084
https://doi.org/10.1016/j.jclepro.2020.121548
https://doi.org/10.1016/j.ecolind.2020.106634
https://doi.org/10.1016/j.scitotenv.2021.152550
https://doi.org/10.1371/journal.pone.0155926
https://doi.org/10.1016/j.scitotenv.2021.152170
https://doi.org/10.1016/j.scitotenv.2021.149246
https://doi.org/10.1016/j.resconrec.2020.105150
https://doi.org/10.1007/s11356-021-12543-3
https://doi.org/10.1007/s11356-021-12543-3
https://doi.org/10.5194/hess-18-2103-2014
https://doi.org/10.5194/hess-18-2103-2014
https://doi.org/10.1016/s2095-3119(21)63841-8
https://doi.org/10.1016/s2095-3119(21)63841-8
https://doi.org/10.1016/s2095-3119(16)61331-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Shifting Rice Cropping Systems Mitigates Ecological Footprints and Enhances Grain Yield in Central China
	Introduction
	Materials and Methods
	Site Description
	Experimental Design and Management
	Double-Rice System
	Ratoon Rice System
	Rice-Wheat System

	System Boundary and Functional Unit
	Calculation of Carbon Footprint
	Direct Greenhouse Gas Emissions
	Calculation of Nitrogen Footprint
	Calculation of Water Footprint
	Statistical Analysis

	Results
	Variation of Cultivation Area and Yield Performance
	Carbon Emissions and Carbon Footprint
	Nitrogen Emissions and Nitrogen Footprint
	Water Footprint Performance

	Discussion
	Effects of Different Cropping Systems on Carbon Footprint
	Effects of Different Cropping Systems on Nitrogen Footprint
	Effects of Different Cropping Systems on Water Footprint
	Policy Suggestion for System Selection

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


