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Abstract: A multiple cropping system is beneficial for utilizing natural resources, while increasing
the grain production and economic outputs. However, its impact on greenhouse gas emissions is
unclear. The objective of this study was to evaluate the influence of rice-based cropping systems
on methane (CH4) and nitrous oxide (N2O) emissions, the carbon footprint (CF), grain yields, and
net economic returns in eastern China. Four treatments were applied: rice–fallow (as a control),
rice–milk vetch, rice–wheat, and rice–rapeseed. Methane and N2O emissions were measured every
7 days via static chamber and gas chromatography methods from the 2019 rice season to the 2021
non-rice season. The CF was calculated based on the life cycle assessment. The results showed that
multiple cropping systems significantly increased the annual grain yield by 1.2–6.4 t ha−1 and the
annual CH4 and N2O emissions by 38–101 kg CH4-C ha−1 and 0.58–1.06 kg N2O-N ha−1, respectively.
The average annual net returns for rice–wheat and rice–rapeseed were 131–150% greater than those
for rice–milk vetch and rice–fallow. The annual CFs increased in the following order: rice–wheat
(19.2 t CO2-eq ha−1) > rice–rapeseed (16.6 t CO2-eq ha−1) > rice–milk vetch (13.9 t CO2-eq ha−1)
> rice–fallow (11.5 t CO2-eq ha−1). The CH4 emissions contributed to the largest share of the CF
(60.4–68.8%), followed by agricultural inputs (27.2–33.7%) and N2O emissions (2.9–5.9%). Moreover,
nitrogen fertilizer accounted for 65.6–72.4% of the indirect greenhouse gas emissions from agricultural
inputs. No significant difference in the CF per unit grain yield was observed between the four
rice-based cropping systems. The CF per net return of rice–wheat and rice–rapeseed significantly
decreased by 37–50% relative to that of rice–fallow and rice–milk vetch. These findings suggest the
potential to optimize rice-based cropping systems for environmental sustainability and grain security.

Keywords: carbon footprint; methane; nitrous oxide; grain yield; economic outputs; multiple
cropping system

1. Introduction

Climate change and associated global warming, together with its potential influence
on agricultural production, are a significant challenge. Greenhouse gas (GHG) emissions
are closely related to global warming and agricultural production [1]. Agriculture is
an important source of atmospheric noncarbon dioxide (CO2) GHG, and the emissions
of methane (CH4) and nitrous oxide (N2O) account for approximately 50% and 60%,
respectively, of global anthropogenic emissions [2,3]. Crop production is the main part of
agriculture. During crop production, direct emissions of CH4 and N2O from farmland soil
into the atmosphere occur [2,4,5]; in addition, agricultural inputs, such as the production of
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fertilizers and pesticides, fuel for agricultural machinery, and irrigation electricity, indirectly
lead to GHG emissions [6,7]. Therefore, effective measures for reducing the rate of direct
and indirect GHG emissions from crop production are urgently needed.

Methane is produced in anaerobic soil by methanogenic bacteria, while N2O is pro-
duced from soils through the microbial processes of nitrification and denitrification [8,9].
The emissions of CH4 and N2O from paddy soils are influenced not only by climate and
soil factors but also by agricultural management, such as cropping systems [10–12], straw
incorporation [13–15], soil tillage [5,16], water regimes [2,13,17], and fertilizer manage-
ment [13,14,17,18]. A study revealed that after introducing rice–wheat or rice–rapeseed
systems into permanently flooded rice fields, CH4 emissions decreased by 56.2–59.4%,
while N2O emissions increased by 270–350% [19]. Tang et al. [12] reported that double
rice systems resulted in significantly greater CH4 emissions but lower N2O emissions
than paddy–upland systems. Furthermore, Zhou et al. [20] reported that rice–milk vetch
had much higher CH4 emissions than other paddy–upland systems (i.e., rice–wheat, rice–
rapeseed, rice–ryegrass, and rice–fallow).

The carbon footprint (CF) is a method of evaluating the intensity of GHG emissions
during the lifecycle of a product or activity and has a positive effect on optimizing the
effectiveness of human activities in environmental protection measures [21]. Previous
studies evaluating the impact of crop production on CF have focused mostly on crop
products such as maize [7,22], rice [22,23], wheat [21,22], cotton [24], soybeans [7], and
rapeseed [25]. Other studies have analyzed the CF of different cropping systems in dry
land [26,27] and paddy land [11,28,29]. Chen et al. [28] showed that the CF per unit area
of a rice–wheat system was 8.83 t CO2-eq ha−1; the CF was negatively correlated with
farm size. In addition, Hu et al. [29] reported that the CF of a rice–wheat system under
wheat straw incorporation was 7.66–11.79 t CO2-eq ha−1 and noted that CH4 emissions
were the main source of the CF. However, previous studies have rarely included grain
yield or economic output in CF analysis. Moreover, crop production has obvious regional
characteristics, meaning that agricultural inputs and crop productivity vary in different
regions, which may lead to differences in the results of different studies evaluating CFs.

Multiple cropping systems are beneficial for utilizing natural resources such as light,
heat, water, and soil and increasing the grain production and economic output of cropland.
Eastern China, which is dominated by rice-based cropping systems, is the main region
producing rice, wheat, and rapeseed in China. In recent years, how to reduce agricultural
carbon emissions and increase economic output while ensuring food security has been an
urgent problem that needs to be solved in this region. The balance between biomass input
and output under different cropping systems in paddy fields determines the carbon and
nitrogen nutrient balance of the ecosystem and thereby has multiple influences on CH4 and
N2O emissions, crop yield, and economic output. However, these influences have rarely
been studied simultaneously in previous studies. We hypothesized that multiple cropping
systems would increase CH4 and N2O emissions and CF. To test this hypothesis, we
conducted a two-year field measurement of CH4 and N2O emissions from four rice-based
cropping systems under rice–milk vetch, rice–wheat, rice–rapeseed, and rice–fallow (as a
control). Indicators of CF, CF per unit grain yield, and CF per net return were calculated
based on the life cycle assessment method [28,30]. Our objectives in this study were to
determine the influence of different rice-based cropping systems on GHG emissions, CF,
grain yields, and net economic returns.

2. Materials and Methods
2.1. Experimental Site

The study was conducted at Taizhou Experimental Station (32◦32′23′′ N, 119◦59′38′′ E)
in Jiangsu Province, eastern China. This region has a northern subtropical humid monsoon
climate. The experimental paddy field soil was clay loam soil. Before the experiment,
the topsoil (0–20 cm) contained 31.2 g kg−1 organic carbon, 1.8 g kg−1 total nitrogen,
6.8 mg kg−1 Olsen-P, and 101.7 mg kg−1 NH4OAc-K. The soil had a bulk density of
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1.4 g cm−3 and a pH value of 6.5. Annually, the region receives 2235 sunshine hours
and 1051 mm of precipitation. The annual average temperature is 14.5 ◦C, and the frostless
period is 219 days. The daily precipitation and mean air temperature during the experiment
were recorded from 2019 to 2021 (Figure 1).
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Figure 1. Daily precipitation and mean air temperature during the experiment from 2019 to 2021.

2.2. Experimental Details and Management

The experiment was initiated in October 2016. Four rice-based cropping systems were
established using a completely randomized block design with three replicates (4 m × 5 m
for each replicate plot). The treatments included rice–milk vetch, rice–wheat, rice–rapeseed,
and rice–fallow (as a control). Agricultural management, such as fertilizer application,
water regime, pesticides, disease, and herbicide control, almost always followed local
recommended management practices for high yields.

The rice cultivar Nanjing 9108 was used in this study. In the middle of June, 18-day-old
rice plants were manually transplanted with 25 cm × 13.3 cm hill spacing at a density
of 90 plants/m2. The rates of nitrogen, phosphorus, and potassium fertilizer use during
the rice season in the four treatments were the same: 270 kg N ha−1, 75 kg P2O5 ha−1,
and 75 kg K2O ha−1, respectively (Table 1). Nitrogen fertilizer in the form of urea was
applied three times: 40% as the basal fertilizer, 30% as the tillering fertilizer, and 30% as the
panicle initiation fertilizer. Phosphorus fertilizer in the form of calcium superphosphate
was used as the basal fertilizer at one time, while potassium fertilizer in the form of
potassium chloride was used as the basal fertilizer and panicle initiation fertilizer in equal
amounts. Consistent with local farmers’ practices for obtaining high yields [31], after
the rice was transplanted, all the experimental plots were submerged in a water layer
of approximately 3–5 cm for approximately 35 days. Subsequently, the fields were then
drained, and midseason drainage was maintained for approximately 10 days. The plots
were then reflooded, followed by alternate wet and dry irrigation until 10 days before the
rice harvest in October.
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Table 1. Inventory list of agricultural inputs for crop production.

Items Rice Milk Vetch Wheat Rapeseed Units
GHG Emission Factors

Value Units

Rice seed 60 60 60 60 kg ha−1 1.84 kg CO2-eq kg−1

Milk vetch seed 60 kg ha−1 0.83 kg CO2-eq kg−1

Wheat seed 150 kg ha−1 0.58 kg CO2-eq kg−1

Rapeseed seed 7.5 kg ha−1 0.83 kg CO2-eq kg−1

Nitrogen fertilizer (N) 270 22.5 240 210 kg ha−1 7.76 kg CO2-eq kg−1

Phosphorus fertilizer (P2O5) 75 22.5 90 90 kg ha−1 2.33 kg CO2-eq kg−1

Potassium fertilizer (K2O) 75 22.5 90 90 kg ha−1 0.66 kg CO2-eq kg−1

Fungicides 2.7 2.3 1.2 kg ha−1 10.57 kg CO2-eq·kg−1

Pesticides 3.2 2.4 1.6 kg ha−1 16.61 kg CO2-eq·kg−1

Herbicides 0.8 0.6 0.5 kg ha−1 10.15 kg CO2-eq kg−1

Diesel 97.5 31.5 63 24 kg ha−1 2.98 kg CO2-eq kg−1

Electricity 305.7 36 KWh ha−1 0.59 kg CO2-eq KWh−1

Film 42.7 kg ha−1 2.77 kg CO2-eq kg−1

Labor 38.3 9 23.3 47.3 d p ha−1 0.86 kg CO2-eq d−1 p−1

Note: d p ha−1, 8 h of working days per person per day were used.

During the non-rice season, the cultivars used for milk vetch, wheat, and rapeseed
were Xinzi 1, Ningmai 13, and Fengyou 737, respectively. In late October, milk vetch seeds
were broadcast sown at a density of 2400 seeds m−2. Wheat seeds were sown in 25 cm-wide
rows with a density of 375 seeds m−2. Thirty-day-old rapeseed seedlings were manually
transplanted with 50 cm × 16.5 cm hill spacing at a density of 12 plants m−2. The soil tillage
methods used in each experimental plot were the same. After harvesting the previous
rice crop, straw was uniformly incorporated into each plot using a rotary tiller (1ZSD-180;
Jiangyan Xinke Machinery Co., Ltd., Taizhou, China). In milk vetch, fertilizer was applied
two times at the same rates as the basal fertilizer (11.25 kg N ha−1, 11.25 kg P2O5 ha−1,
and 11.25 kg K2O ha−1) before rotary tillage and topdressing in early February. In the
wheat plots, basal fertilizers (144 kg N ha−1, 45 kg P2O5 ha−1, and 45 kg K2O ha−1) were
applied via surface broadcasting before rotary tillage and topdressing at the jointing stage
(96 kg N ha−1, 45 kg P2O5 ha−1, and 45 kg K2O ha−1) in late February. The rates of
nitrogen, phosphorus, and potassium fertilizer applied for rapeseed were 210 kg N ha−1,
90 kg P2O5 ha−1, and 90 kg K2O ha−1, respectively; these fertilizers were applied three
times—50% as basal fertilizer—and two topdressings were applied in late December (20%)
and late February (30%). No plots were irrigated during the non-rice season.

2.3. GHG Sampling and Measurements

Using static chamber and gas chromatography methods [15], CH4 and N2O emissions
were measured from June 2019 to May 2021. Two polyvinyl chloride frames with a groove
filled with water were inserted into each field plot for gas sampling. The static polyvinyl
chloride chambers (length 50 cm; width 50 cm; height 120 cm) were covered with a layer of
sponge and aluminum foil to minimize solar heating. Two 12-V battery-driven fans were
installed inside the chamber to ensure complete gas mixing. In most cases (except for the
Chinese NewYear holiday), gas samples were collected 1–2 times every 7 days from 8:00
to 10:00 in the morning. To measure the fluxes of CH4 and N2O, four gas samples were
collected at 10 min intervals during a half-hour sampling process. Fifty milliliters of gas
was collected from the chamber using a plastic syringe and stored in one hundred milliliter
pre-evacuated gas bags (LB-301-0.1; Dalian Delin Gas Packaging Co., Ltd., Dalian, Liaoning,
China). Afterward, the gas samples were sent to the laboratory for analysis within 24 h.

The gas samples were analyzed by gas chromatography (7890A; Agilent Technologies,
Santa Clara, CA, USA) equipped with a Porapak Q 80-100 separation column, a flame
ionization detector, and a 63Ni electron capture detector for CH4 and N2O, respectively.
The two detectors and the oven were operated at 300 ◦C and 60 ◦C, respectively. The
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CH4 and N2O fluxes were calculated from the slope of the mixing ratio of four sequential
samples [18]. The cumulative CH4 and N2O emissions were calculated according to
previous studies [5,32].

CH4 or N2O emission =
n

∑
i=1

(Fi + Fi+1)/2 × 24 × (ti+1 − t1)

where n is the number of total measurements; i is the ith measurement; F is the CH4 and N2O
flux (mg m−2 h−1); and ti + ti+1 is the difference between two adjacent measurements (d).

2.4. Crop Yield Measurements and Economic Analysis

Crop yields were determined by harvesting 3 m2 areas in the middle of each experi-
mental plot at maturity. The crop yields of rice, wheat, and rapeseed were adjusted to 14.5%,
13%, and 14%, respectively, of the moisture content. The net economic return (CNY ha−1)
was calculated using the formula described by [30]:

Net return = Yield gains − Input costs

The yield gains were calculated from the crop grain price and crop yield. Input costs
included the cost of agricultural inputs (Table 1) and land rent. The prices of agricultural
inputs (seeds, pesticides, fertilizers, diesel fuel, irrigation, human labor) were based
on the China Agricultural Inputs Network (http://www.ampcn.com/, accessed on 22
October 2023).

2.5. Carbon Footprint Calculation

The CF of a rice-based cropping system consists of direct and indirect GHG emissions.
Here, direct GHG emissions refer to CH4 and N2O emissions from agroecosystems, while
indirect GHG emissions refer to agricultural inputs, such as seeds, pesticides, fertilizers,
agricultural machinery fuels, and irrigation electricity. The CF was calculated in carbon
dioxide equivalents (CO2-eq) as follows [7,28]:

CF = CH4 × 34 + N2O × 298 +
n

∑
i=1

(θi × Ci)

CFy =
CF

yield

CFe =
CF

Rnet

where CF is the C footprint per unit of area (t CO2-eq ha−1); θi and Ci are the agricultural
input and its GHG emission factors, respectively (Table 1) [7,28]; CFy is the CF per unit
grain yield (t CO2-eq t−1); CFe is the CF per net return (kg CO2-eq CNY−1); and Rnet is the
net economic return (CNY ha−1). The IPCC factors (34 for CH4 and 298 for N2O, as given
by the IPCC, 2021) [3] were adopted to calculate the direct GHG emissions.

2.6. Statistical Analysis

Statistical analysis was conducted using the SPSS 13.0 software package (SPSS, Inc.,
Chicago, IL, USA). Two-way analysis of variance (ANOVA) in conjunction with Duncan’s
multiple range test was used to determine the significance of the effects of treatment and
sampling year, and their interaction on GHG emissions, grain yield, and net return, CFy
and CFe.

http://www.ampcn.com/
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3. Results
3.1. Grain Yield and Net Return

For the rice-based cropping systems, significant differences in grain yield and net
economic return are shown in Table 2. Averaged over the two years, the annual grain yields
were 9.9, 11.1, 16.3, and 13.3 t ha−1 for rice–fallow, rice–milk vetch, rice–wheat, and rice–
rapeseed, respectively. Compared to those of rice–fallow rice, the annual grain yields of rice–
milk vetch, rice–rapeseed, and rice–wheat significantly increased by 1.2, 3.4, and 6.4 t ha−1,
respectively. Compared to those of the rice–fallow treatment (5469 CNY ha−1), the rice–
rapeseed treatment (13,478 CNY ha−1) and rice–wheat treatment (13,684 CNY ha−1) signifi-
cantly increased the average annual net returns by 146% and 150%, respectively, whereas no
significant difference was observed between the rice–fallow and rice–milk vetch treatments
(5841 CNY ha−1).

Table 2. Grain yield and net return in different rice-based cropping systems.

Cropping System
Grain Yield (t ha−1 yr−1) Net Return (CNY ha−1 yr−1)

2019–2020 2020–2021 2019–2020 2020–2021

Rice–fallow 10.3 ± 0.44 d 9.5 ± 0.50 d 6481 ± 190 b 4457 ± 214 b
Rice–milk vetch 11.3 ± 0.50 c 11.0 ± 0.60 c 6151 ± 215 b 5531 ± 258 b
Rice–wheat 16.7 ± 0.91 a 15.9 ± 0.85 a 14,707 ± 430 a 12,662 ± 362 a
Rice–rapeseed 13.5 ± 0.62 b 13.1 ± 0.41 b 14,114 ± 351 a 12,843 ± 138 a

Note: Mean ± SD (n = 3); different letters within the same column indicate significant differences among the
cropping systems (p < 0.05).

3.2. Methane and Nitrous Oxide Emissions

As shown in Figure 2A,B, CH4 emissions were significantly influenced by the rice-based
cropping system. For all the cropping systems, higher CH4 emissions were recorded in the
rice season than in the non-rice season. During the rice season, the CH4 emissions increased
in the following order: rice–wheat > rice–rapeseed > rice–milk vetch > rice–fallow. The
annual CH4 emissions of the rice–based cropping systems were 174–285 kg CH4-C ha−1

and 166–256 kg CH4-C ha−1 in the two years. Averaged over the two years, the annual
CH4 emissions of rice–fallow, rice–milk vetch, rice–wheat, and rice–rapeseed were 170, 208,
271, and 227 kg CH4-C ha−1, respectively. Compared to those of the rice–fallow cropping
system, the multiple cropping systems (i.e., rice–milk vetch, rice–wheat and rice–rapeseed)
significantly increased the CH4 emissions by 38–101 kg CH4-C ha−1 (22–59%). Compared
with those of rice–wheat, the CH4 emissions of rice–milk vetch and rice–rapeseed signifi-
cantly decreased by 23% and 16%, respectively (averaged over two years).

The seasonal N2O emissions varied significantly among the rice-based cropping
systems (Figure 2C,D). In general, rice–milk vetch and rice–rapeseed yielded higher N2O
emissions than rice–wheat and rice–fallow in the rice season, whereas rice–rapeseed and
rice–wheat yielded higher N2O emissions than rice–milk vetch and rice–fallow in the
non-rice season. In 2019–2020 and 2020–2021, the annual N2O emissions of all the cropping
systems ranged from 0.72 to 1.60 kg N2O-N ha−1 and from 0.82 to 2.06 kg N2O-N ha−1,
respectively. On average, the annual N2O emissions were significantly greater from rice–
rapeseed (1.83 kg N2O-N ha−1) than from rice–fallow (0.77 kg N2O-N ha−1), rice–milk
vetch (1.35 kg N2O-N ha−1) and rice–wheat (1.51 kg N2O-N ha−1). Compared to the
rice–fallow, the rice–milk vetch, rice–wheat, and rice–rapeseed significantly increased the
annual N2O emissions by 0.58, 0.74, and 1.06 kg N2O-N ha−1, respectively. Although the
annual N2O emissions were lower for rice–milk vetch than for rice–wheat, this effect was
not statistically significant.
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Figure 2. CH4 (A,B) and N2O (C,D) emissions in different rice-based cropping systems. Significant
differences among the cropping systems are indicated by lowercase letters at p < 0.05 (LSD). Error
bars represent standard deviation (n = 3).

3.3. Indirect GHG Emissions from Agricultural Inputs

The annual agricultural inputs contributed 3423, 3816, 6214, and 5468 kg CO2-eq ha−1

to the indirect GHG emissions for rice–fallow, rice–milk vetch, rice–wheat, and rice–
rapeseed, respectively (Table 3). The largest contribution came from synthetic fertilizers
(74.5–81.7%), especially nitrogen fertilizer. Moreover, greater indirect GHG emissions from
nitrogen fertilizer were observed for rice–wheat and rice–rapeseed than for rice–fallow
and rice–milk vetch. After fertilizer, diesel fuel for agricultural machinery was the next
most important agricultural input contributing to the indirect GHG emissions in different
rice-based cropping systems. In addition, the indirect GHG emissions from fungicides,
pesticides, herbicides, and labor were lower than those of the other systems, accounting
for only 0.2–1.5% of the total indirect emissions of the different cropping systems. The
indirect GHG emissions from agricultural inputs were always greater for rice–wheat and
rice–rapeseed than for rice–fallow and rice–milk vetch, largely due to the greater amounts
of applied nitrogen fertilizer.

3.4. Carbon Footprint

Combining GHG emissions from CH4 and N2O emissions and agricultural inputs,
the total CFs of the different rice-based cropping systems are shown in Table 4 and
Figure 3. The annual CF varied greatly between the cropping systems, ranging from
11.3 to 19.7 t CO2-eq ha−1 over the two years. Rice–wheat had the highest average annual
CF (19.2 t CO2-eq ha−1), followed by rice–rapeseed (16.6 t CO2-eq ha−1), rice–milk vetch
(13.9 t CO2-eq ha−1), and rice–fallow (11.5 t CO2-eq ha−1). Compared to those under rice–
fallow cultivation, the annual CFs under rice–wheat, rice–rapeseed and rice–milk vetch
cultivation significantly increased by 67%, 45% and 21%, respectively. Similarly, compared
with rice–milk vetch, rice–wheat and rice–rapeseed significantly increased the annual CF
by 38% and 20%, respectively. A greater seasonal CF was found in the rice season than in



Agronomy 2024, 14, 395 8 of 13

the non-rice season. The CF in the rice season represented 82.0–98.9% of the total annual CF
(Table 4). For all four rice-based cropping systems in the study (Figure 3), CH4 emissions
accounted for the largest share of the total CF (60.4–68.8%), followed by agricultural inputs
(27.2–33.7%) and N2O emissions (2.9–5.9%).

Table 3. Indirect GHG emissions and percentage contribution by individual emission components in
different rice-based cropping systems from 2019 to 2021.

Items Rice–Fallow Rice–Milk Vetch Rice–Wheat Rice–Rapeseed

Total Emissions (kg CO2-eq ha−1) 3422.5 3815.8 6213.6 5468.3
seed 110.4 (3.2%) 160.2 (4.2%) 240.9 (3.9%) 116.2 (2.1%)
Nitrogen fertilizer (N) 2327.7 (68.0%) 2502.3 (65.6%) 4422.6 (71.2%) 3957.1 (72.4%)
Phosphorus fertilizer (P2O5) 174.9 (5.1%) 227.4 (6.0%) 384.8 (6.2%) 349.8 (6.4%)
Potassium fertilizer (K2O) 99.0 (2.9%) 113.9 (3.0%) 178.2 (2.9%) 158.4 (2.9%)
Fungicides 28.9 (0.8%) 28.9 (0.8%) 67.9 (1.1%) 54.6 (1.0%)
Pesticides 52.3 (1.5%) 52.3 (1.4%) 76.1 (1.2%) 64.5 (1.2%)
Herbicides 7.6 (0.2%) 7.6 (0.2%) 13.7 (0.2%) 12.7 (0.2%)
Diesel 290.3 (8.5%) 384.1 (10.1%) 477.9 (7.7%) 361.8 (6.6%)
Electricity 180.2 (5.3%) 180.2 (4.7%) 180.2 (2.9%) 201.5 (3.7%)
Film 118.3 (3.5%) 118.3 (3.1%) 118.3 (1.9%) 118.3 (2.2%)
Labor 32.9 (1.0%) 40.6 (1.1%) 52.9 (0.9%) 73.5 (1.3%)

Note: The value for a given cropping system was the average of that system from 2019 to 2021; values in
parentheses indicate the percentage contribution to the total GHG emissions for each cropping system.

Table 4. Carbon footprint in different rice-based cropping systems.

Year Cropping System
Carbon Footprint (t CO2-eq ha−1) CFy

(t CO2-eq t−1)
CFe

(kg CO2-eq CNY−1)Rice Season Non-Rice Season Annual

2019–2020 Rice–fallow 11.5 ± 0.82 c 0.1 ± 0.01 d 11.6 ± 0.82 d 1.14 ± 0.13 a 1.85 ± 0.46 b
Rice–milk vetch 13.4 ± 0.83 b 0.6 ± 0.02 c 14.0 ± 0.81 c 1.25 ± 0.02 a 2.34 ± 0.40 a
Rice–wheat 16.6 ± 1.47 a 3.2 ± 0.04 a 19.7 ± 1.50 a 1.19 ± 0.14 a 1.38 ± 0.31 c
Rice–rapeseed 14.5 ± 1.13 b 2.5 ± 0.08 b 17.0 ± 1.12 b 1.26 ± 0.11 a 1.23 ± 0.24 c

2020–2021 Rice–fallow 11.2 ± 0.66 c 0.2 ± 0.03 d 11.3 ± 0.68 d 1.19 ± 0.08 a 2.72 ± 0.86 a
Rice–milk vetch 13.1 ± 0.86 b 0.6 ± 0.04 c 13.7 ± 0.83 c 1.24 ± 0.07 a 2.66 ± 0.91 a
Rice–wheat 15.3 ± 1.21 a 3.4 ± 0.07 a 18.6 ± 1.19 a 1.17 ± 0.04 a 1.50 ± 0.23 b
Rice–rapeseed 13.6 ± 1.02 b 2.6 ± 0.06 b 16.2 ± 0.97 b 1.24 ± 0.04 a 1.27 ± 0.09 b

Note: Mean ± SD (n = 3); CFy is the CF per unit grain yield, CFe is the CF per net return; different letters within
the same column indicate significant differences among the cropping systems (p < 0.05).

In the two years of the study, the CF per unit grain yield of the different rice-based
cropping systems ranged from 1.14 to 1.26 t CO2-eq t−1 (Table 4). No significant difference
in the CF per unit grain yield was observed between the four cropping systems. Averaged
over the two years, the annual CF per net return was 2.29, 2.50, 1.44, and 1.25 kg CO2-eq
CNY−1 for rice–fallow, rice–milk vetch, rice–wheat, and rice–rapeseed, respectively. The
cropping system significantly influenced the CF per net return. Compared to the rice–fallow,
the rice–wheat and rice–rapeseed significantly decreased CF per net return by 37% and
45%, respectively. However, compared with those of rice–milk vetch, the rice–wheat and
rice–rapeseed decreased CF per net return by 42% and 50%, respectively.
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Figure 3. Composition of the carbon footprint (CF) in different rice-based cropping systems in
2019–2020 (A) and 2020–2021 (B).

4. Discussion
4.1. Effects of Cropping Systems on CH4 and N2O Emissions

In this two-year field study, the annual CH4 and N2O emissions of all four cropping
systems ranged from 166 to 285 kg CH4-C ha−1 and from 0.72 to 2.06 kg N2O-N ha−1, re-
spectively (Figure 2). These values agreed well with most previous extensive measurements
conducted in this area [5,10,15,20,29,33]. As expected, relative to those of the rice–fallow
cropping system, the multiple cropping systems (i.e., rice–milk vetch, rice–wheat, and
rice–rapeseed) significantly increased the annual CH4 and N2O emissions by 22–59% and
75–138%, respectively, in the two years. Two potential reasons may explain the higher
CH4 emissions observed under the multiple cropping systems. First, the incorporation of
straw from milk vetch, wheat and rapeseed may have provided sufficient carbon substrate
for CH4 production in the subsequent rice season [12–15,33]. Second, straw incorporation
can potentially increase soil organic carbon storage, subsequently increasing the rate of
CH4 formation in rice fields, especially during the rice season [15,18]. Our results were
consistent with previous nitrogen rate field studies [13,34] showing that high rates of nitro-
gen fertilization lead to increasing rates of N2O emissions from agricultural fields. A high
nitrogen application rate may be the most practical means for maximizing crop yield. The
recommended annual nitrogen fertilizer rates in the study region were 270, 292.5, 510, and
480 kg N ha−1 for rice–fallow, rice–milk vetch, rice–wheat, and rice–rapeseed, respectively
(Table 1). Moreover, previous studies [15,35] have shown that N2O production during
the middle and late cropping seasons may increase in response to subsequent nitrogen
release from straw decomposition. However, Yadvinder-Singh and Sidhu [36] reported that
the nitrogen application rate during the rice season could decrease by 30 kg ha−1 (25%),
with no significant yield change after three years of straw incorporation. We therefore
speculate that the nitrogen fertilizer rate could be adjusted to mitigate N2O emissions under
long-term straw incorporation. Possible tradeoffs between decreased N2O emissions and
decreased grain yields need to be closely monitored through field experiments.

Overall, for rice-based cropping systems, effective GHG mitigation methods include
reducing CH4 emissions in the rice season and/or reducing N2O emissions in the non-
rice season. Methane was the most important GHG and should be mitigated first in
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rice-based systems. Since the 1990s, many agricultural practices have been explored to
mitigate CH4 emissions from rice paddies without compromising yield in China [37].
However, comprehensive practices that systematically integrate various effective GHG
mitigation management practices require further study to identify the most environmentally
friendly management practices for sustainable crop production in Chinese rice-based
cropping systems.

4.2. Effects of Cropping System on Carbon Footprint

Researchers have recently proposed that multiple cleaner production technologies
should be developed to lower the CF in agroecosystems [21,38]. However, studies related to
the CF of cropping systems are rare. The CF of the four rice-based cropping systems in this
study varied from 11.3 to 19.7 t CO2-eq ha−1 over the two years. These values are less than
the rice–rice results (39.2 t CO2-eq ha−1) reported by Ling et al. [11] but greater than the
results reported by most previous studies related to rice–rice (10.3 t CO2-eq ha−1) [23,28],
rice–wheat (7.7 t CO2-eq ha−1) [29] and maize–wheat (4.2–5.8 t CO2-eq ha−1) [28,38].
The differences in the CF of the same cropping system were attributed to differences in
regional agricultural inputs of crop productivity, except for direct GHG emissions from
cropland. In addition, scholars may have different system boundaries and emission factors
for agricultural inputs [23]. Furthermore, most CF studies [7,28,39] have been based on
farm survey data, and there are significant differences in the source and quality of the data
collected. For example, Yan et al. [7] revealed that the CF of both wheat and maize on large
farms was 22–28% lower than that on small household farms in eastern China. However,
in Punjab, India, no significant difference was found between the CFs of wheat and rice on
different farm sizes [39]. In this study, the CF of rice–wheat rice was significantly greater
than that of rice–rapeseed, rice–milk vetch, and rice–fallow rice and greater than the CF of
rice–wheat evaluated by other studies [28,29]. This phenomenon might be caused primarily
by the rate of straw incorporation. The present two-year experiment was conducted in
Jiangsu Province, China. The annual rate of straw incorporation was 16 t ha−1 in rice–wheat,
which was much greater than that in the same area (5 t ha−1) [29]. Straw incorporation is
now a common agricultural practice in this area due to the Straw Burning Prohibition of
2015. In a previous paper, we reported that CH4 emissions were significantly positively
correlated with the rate of straw incorporation [15]. In this study, CH4 emissions contributed
to the largest share of the total CF (60.4–68.8%), followed by agricultural inputs and N2O
emissions. Our results confirmed previous findings [11,23,28,29] that CH4 emissions are the
most important contributor to the CF of rice-based cropping systems, especially under straw
incorporation. Therefore, agricultural management that can mitigate CH4 emissions should
be a priority for reducing the CF of paddy fields. Recently, Bastviken et al. [40] indicated
that plants had a major indirect influence on global emissions of CH4; therefore, choosing
suitable crop varieties may have enormous potential for reducing CH4 emissions [41]. Our
findings also implied that the CF of rice-based cropping systems could be reduced by
reducing the nitrogen fertilizer rate under straw incorporation and in the long term by
reducing the CF of agricultural inputs and nitrous oxide emissions.

Relative to the rice–fallow in the present study, the rice–milk vetch, rice–rapeseed, and
rice–wheat significantly increased annual grain yields by 13–64%, while rice–rapeseed and
rice–wheat increased annual net returns by 146–150% (Table 1). These results implied that
the low-carbon cropping systems are implemented at the cost of grain yield. However,
grain security is very important and must be considered for a developing country with
a large population. In the two years of the study, no significant difference in the CF per
unit grain yield was observed between the four cropping systems. The CF per net return
of rice–wheat and rice–rapeseed significantly decreased by 37–45% relative to that of rice–
fallow but decreased by 42–50% relative to that of rice–milk vetch. It is apparent that
different cropping systems can be implemented for different problems. The extension of
rice–fallow and rice–milk vetch can alleviate environmental problems in eastern China, but
these cropping systems require agricultural subsidies.
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5. Conclusions

In this study, we provided a comprehensive evaluation of the potential effects of
different rice-based cropping systems on both CF and system productivity in eastern China.
In both years, multiple cropping systems (rice–wheat, rice–rapeseed, and rice–milk vetch)
increased annual grain yields, CH4 and N2O emissions, and the CF. The net economic
returns were significantly greater for rice–wheat and rice–rapeseed than for rice–fallow and
rice–milk vetch. Methane emissions accounted for the largest share of the CF, followed by
agricultural inputs and N2O emissions. No significant difference in the CF per unit grain
yield was observed between the four cropping systems. Rice–wheat and rice–rapeseed
significantly decreased the CF per net return relative to that of rice–fallow and rice–milk
vetch. Our results revealed that the more crops are cultivated, the more agricultural inputs
are needed, and the more direct and indirect GHG emissions there are. The low-carbon
cropping systems, i.e., rice–fallow and rice–milk vetch, were implemented at the cost of
grain yield. Obviously, different cropping systems can be implemented for environmental
sustainability and grain security. Considering the CF, grain yield, and net economic return,
rice–wheat and rice–rapeseed might be recommended for regional farmers in eastern China.
Further studies should focus on developing effective strategies for methane and nitrogen
fertilizer reduction to reduce the CF of rice production systems.
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