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Abstract: Optimizing Cropping patterns is important for the improvement of regional agricultural
economic efficiency and sustainable development. However, there are few studies on the sustain-
ability of cropping patterns in hilly areas. Here, we studied four new three-maturing cropping pat-
terns in a typical ecological site in the hilly areas of southwest China. An analytical method com-
bining economic efficiency evaluation and energy value analysis was used to evaluate and compare
the economic efficiency and sustainability of the new cropping model and the traditional cropping
model. We explored the construction of a new three-crop cropping model suitable for the south-
west hilly area to improve the economic benefits of agricultural production and improve the sus-
tainability of agricultural production. To solve the above problems, we constructed eight cropping
patterns and classified them as follows: The Traditional Double Cropping System: T1, oilseed rape-
summer soybean; T2, oilseed rape-summer maize; T3, wheat-summer maize. Traditional Triple
Cropping System: T4, wheat/spring maize/summer soybean. Novel Triple Cropping System: T5,
forage oilseed rape-spring maize/summer soybean; T6, forage oilseed rape-spring maize/peanut; T7,
potato-spring maize/peanut; T8, potato-spring maize/summer soybean. The results of the study
showed that compared with the Traditional Double Cropping System and the Traditional Triple
Cropping System, the Novel Triple Cropping System increased the economic yield by an average of
100.39% and 49.18%, the economic production capacity by 71.32% and 36.48%, the biological yield
by 12.53% and 4.90%, and the biological production capacity by 13.59% and 5.80%. The economic
benefits of the Novel Triple Cropping System were significantly improved, with economic profits in-
creased by CNY 9068 -hm 2 and CNY 7533 -hm 2 compared with the Traditional Double Cropping
System and the Traditional Triple Cropping System. The energy value analysis further revealed the
characteristics of the Novel Triple Cropping System as a high input and high output model. The
Novel Triple Cropping System increased energy value inputs by 6.56% and 4.25%, and energy value
outputs by 13.69% and 4.27% compared with the Traditional Double Cropping System and the Tra-
ditional Triple Cropping System, respectively. This high level of inputs stems mainly from a signif-
icant increase in labor inputs. Meanwhile, the energy-value indicator analysis of the Novel Triple
Cropping System shows its lower dependence on natural resources, greater production intensifica-
tion, and increased system stability. As a result, the Novel Triple Cropping System showed higher
sustainable production capacity. In summary, the results of this study can provide a theoretical
basis for optimizing cropping patterns and promoting high-yield and the sustainable development
of agriculture.
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1. Introduction

China’s agriculture is facing important challenges, such as tight food supply, ineffi-
cient resource utilization, and enormous pressure on environmental resources [1,2]. Thus,
these challenges seriously affect the sustainable development of agriculture. With its rapid
socio-economic development, the population’s demand for food shows an expanding and
diversifying trend [3,4]. Despite the increase in food production, high yield and efficiency
have not been synergized. The extensive use of production materials such as fertilizers,
pesticides, and mulch has led to higher production costs and also polluted the environ-
ment [5-7]. Traditional farming practices, monoculture structures and irrational layouts
limit the potential for increased food production [8]. Current research recognizes that in-
creasing the annual crop density per unit area and promoting diversified crop rotations
are effective ways to increase crop yields and enhance the sustainability of food produc-
tion systems [9,10]. Research has shown that multi-crop cropping patterns are an impor-
tant guide in addressing these issues [11,12]. Therefore, the development of scientific and
rational new cropping patterns is a prerequisite for realizing synergistic improvement and
economic and ecological benefits.

Crop production systems are influenced by environmental factors (e.g., light, temper-
ature, rainfall, and soil) and depend on economic inputs (e.g., machinery and equipment,
fertilizers, pesticides, fuels, electricity, etc.) [13,14]. As agriculture continues to evolve, the
role of economic inputs has become increasingly prominent [15]. Comparing different eco-
nomic inputs and outputs is often challenging due to their measurement in different units.
Odum [16,17], proposed the method of energy-value analysis, which effectively solves the
difficulty of comparing the inputs and outputs of natural energy and purchased energy.
The core idea of energy-value analysis is to transform the natural contribution and the eco-
nomic contribution required to produce agricultural yields, which have been neglected in
previous evaluation methods, into a common benchmark, the solar electron joule, for quan-
tification and comparison [18]. Thus, energy-value analysis could reveal and calculate eco-
logical costs, which are difficult to evaluate in economic markets, and assess the overall
sustainability of agricultural systems [19]. Energy-value analysis requires a combination
of the free energy of the sun, the chemical energy of rainfall, the impact of wind on the envi-
ronment, the loss of topsoil, and social support for labor and services [20]. A large number
of studies have applied energy-value analysis to the assessment of farmland ecosystems
of different sizes and management models [21,22], regional agricultural systems [23], spe-
cific cropping systems [24], and agroecosystems’ developmental changes over time [15].
However, the current research mainly focuses on maturing traditional agroecosystems or
cropping systems. Meanwhile, there is a lack of research on constructing new types of
cropping systems based on typical ecological sites in the hilly areas of southwest China
and analyzing their energy value.

Grains, vegetables and fruits are the main crops, and agriculture is the main occu-
pation of most people [25]. In recent decades, traditional agricultural cropping patterns
have pursued the trend of production intensification to meet population demand [26]. The
use of high-yielding varieties, man-made inputs such as chemical pesticides and fertilizers,
and mechanization are key features of traditional agriculture. However, since the 1960s, or-
ganic, sustainable and ecological agriculture have been receiving increasing attention [27].

High-yield productivity and efficiency need to take into account several elements,
such as crop combinations, configurations, ripening systems, and cropping patterns, and
must be compatible with local agricultural resources and production conditions to realize
the goals of high yield, efficiency, and sustainable development [28]. In the hilly areas of
southwest China, crop cultivation showed the production characteristics of two-season sur-
plus and three-season deficit, so two-maturing crop rotation (wheat-summer maize, rape-
summer soybean, rape-summer maize) and three-maturing intercropping (Wheat/maize/
soybean, wheat/maize/sweet potato) are the main cultivation methods [29,30]. In previous
studies, the traditional two-maturing cropping pattern has been proven to have high stress
resistance [30], and the existing three-maturing cropping pattern was favorable to soil fertil-
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ity and crop yield [31]. In the semi-arid rotation system of pearl millet-wheat, pearl millet-
chickpea and pearl millet-mustard, it was found that the activity of alkaline phosphatase
in soil and the microbial population in soil were increased by rotation [32]. However, the
intensively managed two-maturing cropping pattern of smallholding farmers has led to a
declining water table [33], and the high use of chemical fertilizers has led to water and at-
mospheric pollution [34,35], high greenhouse gas emissions [36] and soil pollution due to
pesticide mulch. The three-maturing cropping pattern is conducive to the improvement of
soil fertility and crop yield [31] and the maintenance of soil stability [37]. However, severe
soil erosion and frequent seasonal droughts are common in the triple-cropping areas of the
southwestern hills [38]. In response to the national policies of “grain to fodder, grain to eco-
nomics” and “potato staple food” [39], based on the characteristics of uneven distribution
of light and heat resources in Sichuan hilly areas [40], seasonal drought [41], and short-
age of light and heat resources in winter and spring [42], we have carefully constructed
four new multi-cropping patterns to increase crop cover and the water and soil retention
capacity of the farming system. The differences in economic efficiency and sustainability
between the new and traditional cropping patterns were systematically evaluated with a
view to realizing synergistic development with high productivity and efficiency.

The purpose of this study is to compare the emergy and economic benefits of the new
cropping model and the traditional cropping model (to explore the construction of a new
three-crop cropping model suitable for the southwest hilly area to improve the economic
efficiency and sustainability of agricultural production). It provides theoretical guidance
for realizing the intensive and sustainable development of the farmland ecosystem and for
selecting the best farming system.

2. Materials and Methods
2.1. Site Description

This experiment was conducted from November 2016 to November 2018 at the Mod-
ernized Agricultural Demonstration Base (116.41° E, 39.92° N) in Renshou County, Sichuan
Province, China (Figure 1A). The test site has a subtropical monsoon climate with oligo-
sunshine and uneven year-to-year distribution of precipitation within the year (from
November 2006 to November 2016, the annual average effective accumulated temperature
was 2975.66 °C, and the annual average precipitation was 898.21 mm). The total solar radia-
tion from November 2016 to November 2017 was 2716 MJ-m~2, the GDD (growing-degree-
days) was 3267 °C, and the total precipitation was 590 mm (Figure 1B). The total solar radia-
tion from November 2017 to November 2018 was 2730 MJ-m 2, the GDD was 3385 °C, and
the total precipitation was 1194 mm. The soil is red loam, with organic matter content of
20.52 g-kg ! in the top 0-30 cm soil layer, total nitrogen content of 1.06 g-kg !, total phos-
phorus content of 0.47 g-kg~!, readily available potassium content of 142.63 mg-kg~!, and
pH value of 7.26.
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Figure 1. The location of experimental sites (A) and climate change factors from November 2016 to
November 2018 (B).
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2.2. Field Experiment

The experiment was designed as a randomized block experiment, with eight treat-
ments, three replications, and a total of 24 plots, each with an area of 46.2 m? (6.6 m x 7 m).
The experimental treatments included a Traditional Double Cropping System, a Tradi-
tional Triple Cropping System, and a Novel Triple Cropping System (Table 1 and Figure 2).
The Traditional Double Cropping System: T1, oilseed rape-summer soybean; T2, oilseed
rape-summer maize; T3, wheat-summer maize. The Traditional Triple Cropping System:
T4, wheat/spring maize/summer soybean. The Novel Triple Cropping System: T5, forage
oilseed rape-spring maize/summer soybean; T6, forage oilseed rape-spring maize/peanut;
T7, potato-spring maize/peanut; T8, potato-spring maize/summer soybean. The main lo-
cal varieties for testing: wheat variety is “Shumai 969” (Sichuan Agricultural University.
Sichuan, China), forage rape variety is “Dexuan rap 569" (Sichuan Agricultural University.
Sichuan, China), potato variety is “Favorita” (Sichuan Agricultural University. Sichuan,
China), maize variety is “Rongyu 1210” (Sichuan Agricultural University. Sichuan, China),
soybean variety is “Nandou 25” (Sichuan Agricultural University. Sichuan, China), peanut
variety is “Tianfu 22” (Sichuan Agricultural University. Sichuan, China). The cropping
time of these crops coincides with that of their local counterparts.

Table 1. Emergy input analysis of ecosystems under different cropping modes (unit: sej-hm~2-year).

Item T1 T2 T3 T4 T5 T6 7 TS
Solar radiation 272 x 108 272 x 1013 272 x 108 272 x 1018 272 x 1018 272x108 272 x 108  2.72 x 1013
Ra“;feorg‘t‘al 625 x 101 625 x 101* 625 x 101 625 x 101 625 x 101 625 x 1014 625 x 1014 6.25 x 1014
Ra”e‘:;egr;“cal 129 x 101° 129 x 101° 129 x 101° 129 x 10° 129 x 10"® 129 x 10° 129 x 105 1.29 x 105
Wind energy 551 x 101® 551 x 10'® 551 x 10'® 551 x 10'® 551 x 10'® 551 x 101 551 x 10'® 551 x 10

R natﬁf;e:g’:‘:ierces 570 x 1016 570 x 1016 570 x 101 570 x 101 570 x 10'® 570 x 10'® 570 x 101®  5.70 x 101
Nteé:f;zsﬂ"f 230 x 104 232 x 104 234 x 104 230 x 1014 219 x 101 2.07 x 1014 212 x 10 212 x 10
N na?é‘:;“;i‘g’;ﬁ’ises 230 x 10% 232 x 10 234 x 104 230x 104 219 x 10 207 x 104 212 x 101 212 x 10™
lf\]eft’;‘l’ée; 832 x 10"  1.87x 108 173 x 100 139 x 1015  1.66 x 1015  1.94 x 1015 2,01 x 10'®  1.73 x 10'5
Pfke“r’flfl’l}z‘ie 1.87 x 1015 240 x 1015 294 x 1015 2,94 x 1015 2,94 x 10'° 294 x 101 2,67 x 101  2.67 x 1015
Potash fertilizer ~ 1.78 x 10  4.00 x 10"  4.88 x 10" 355 x 10 355 x 10* 4.88 x 10* 7.99 x 10  6.66 x 1014
Pesticide 125 x 101®  1.33 x 10 136 x 10  1.77 x 108 1.62 x 10®  1.61 x 10'®  1.80 x 10®  1.81 x 103
Film - - - 275 x 108 275 x 1018 275 x 1018 2.75 x 108®  2.75 x 1013
Mechanical 16 16 16 16 16 16 16 16
sower 422 x 106 422 x 1016 422 x 1016 422 x 10'6 422 x 1016 422 x 1016 422 x 1016 422 x 10
Fuel 762 x 108 762 x 1018 7.62 x 101  7.62 x 10  7.62 x 10 762 x 108  7.62 x 101 7.62 x 1013
F auxiﬂ:fysgrﬁrgy 451 x 106 4.69 x 106 474 x 1016 470 x 10'6 472 x 10'6 477 x 1016 478 x 1016  4.74 x 1016
Labor force 8.69 x 1015  9.66 x 101°  1.06 x 101®  1.16 x 101®  1.16 x 10® 155 x 10®  2.03 x 10'®  1.64 x 10
Wheat seed - - 1.66 x 101 8.31 x 1013 - - - -
Rape seed 1.75 x 1013 1.75 x 1013 - - - - - -
Rape seed - - - - 350 x 101 3.50 x 1013 - -
Potato seed - - - - - - 7.10 x 101 7.10 x 10%3
Maize seed - 413 x 10 413 x 10 413 x 10" 413 x 10"® 413 x 10® 413 x 10®  4.13 x 1013
Soybean seed 1.20 x 10 - - 1.20 x 10 1.20 x 10™ - - 1.20 x 10
Peanut seed - - - - - 320 x 10 3.20 x 10™ -
R org:l?ii‘z;i:éfgy 883x 1015 972x 105 1.08x 10" 118 x 10'® 118 x 10'®  1.58 x 1010  2.07 x 100  1.67 x 106
T Totalinputof 11 1017 114 %107 116 x 107 116 x 107 116 x 107 121 x 107 126 x 1077 1.21 x 107

emergy

Note: R, Renewable natural resources; N, Unrenewable natural resources; F, Industrial auxiliary emergy; R1,
Renewable organic emergy; T, Total input of emergy. Traditional Double Cropping System: T1, oilseed rape-
summer soybean; T2, oilseed rape-summer maize; T3, wheat-summer maize. Traditional Triple Cropping
System: T4, wheat/spring maize/summer soybean. Novel Triple Cropping System: T5, forage oilseed rape-
spring maize/summer soybean; T6, forage oilseed rape-spring maize/peanut; T7, potato-spring maize/peanut;
T8, potato-spring maize/summer soybean.
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Figure 2. Field experiment design for crop composition and cropping and harvest time of different
cropping model episodes.

2.3. Measurement Indicators and Methods
2.3.1. Yield

Forage oilseed rape is selected from complete cropping rows, the above-ground por-
tion is cut, and the actual harvest is made to determine the yield (biomass is the yield).

Potatoes are harvested in full per plot and harvested for yield measurement.

Wheat, corn, peanut, soybean, and canola in each plot is selected in complete cropping
rows for harvesting yield: corn to 14% moisture calculation of seed yield; peanut to 10%
moisture calculation of seed yield; wheat and soybean to 13% moisture calculation of seed
yield; and canola to 11% moisture calculation of seed yield.

2.3.2. Biomass

During the harvest period, six representative plants from each plot of forage rape
and oilseed rape were selected for determining the biological yield. These plants were
separated into stems, leaves, and pods, dried at 80 °C until a constant weight was reached,
and then weighed.

For potatoes, eight representative plants from each plot at maturity were chosen. These
plants were divided into stems, leaves, and tubers, dried at 80 °C until a constant weight
was achieved, and then weighed to determine the biological yield.

For wheat, twelve representative plants from each plot at maturity were used. These
plants were separated into stems, leaves, and spikes, dried at 80 °C until a constant weight
was reached, and then weighed to determine the biological yield.

Corn, at its maturity in each plot, involved six representative plants. These plants
were decomposed into stems, leaves, bracts, kernels, and rachis. They were dried at 80 °C
until a constant weight was achieved, and then weighed to determine the biological yield.

Peanuts and soybeans, at maturity in each plot, were assessed using twelve represen-
tative plants. These plants were separated into stems, leaves, hulls, and seeds, and then
dried at 80 °C until a constant weight was achieved. Subsequently, the biological yield was
determined by weighing them.
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2.3.3. Energy

The economic yield and straw energy conversion for each crop refer to the calcula-
tion method of (Agroecology) [43] (The conversion factor is shown in Supplementary

Materials Table S2).
Energy from economic = economic yiel X economic conversion factor (1)
Energy from straw = straw yield X straw conversion factor (2)

Energy from biomass
= Economic production capacity 3)
+ Straw energy production

2.3.4. Economic Benefits

Economic benefit = production value — cost 4)

Production value = yield x unit price 5)

Referring to the local market price at the time of crop harvest, and also referring
to the price changes in the whole province and the country: peanuts at CNY 6.0 -kg~!,
canola at CNY 5.5 -kg~!, wheat at CNY 2.0 -kg !, maize at CNY 2.0 -kg~!, forage rape at
CNY 0.2 -kg~! fresh weight, soybeans at CNY 4.5 -kg~!, and potatoes at CNY 1.2 -kg~!.
Costs include labor, machinery, seeds, fertilizers, pesticides, and mulch, in addition to
labor expenses for fertilizer application and spraying. Labor standards and prices of pro-
duction materials are based on local labor and price levels in Renshou County, Meishan
City, Sichuan Province.

2.4. Measurement Indicators and Methods

In this study, an energy flow diagram of the system (Figure 3) was first designed to
record the inputs of each operational step from pre-cropping to post-harvest, which were
then aggregated to obtain the sum of each input for the entire maize season. All inputs
were then converted to energy values (Table S6). Finally, the energy value streams were
aggregated to analyze the energy structure of the system, and the system was evaluated
by energy value indicators.

2.4.1. Evaluation Rationale and Methodology

The energy conversion rate mainly referred to the energy value analysis of ecological
and economic systems by Lan [44] and the energy conversion rate in Agricultural Macroanal-
ysis Methods and Applications by Gao [45], as well as the energy conversion rates of Odum
and Chinese scholars’ studies [17,46,47]. The energy conversion rates of matter, value and
different categories of energy are unified to be measured as comparable emergy (the energy
conversion rate required for this test is shown in Table 53 of the Supplementary Materials).
Matter flows in g, value flows in $, and energy flows in J. The basic formula is as follows:

Solar emergy = matter x energy value conversion rate (6)

Solar emergy = value X energy value conversion rate (7)

Solar emergy = energy X energy conversion rate (8)
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Figure 3. Energy flow diagram of different cropping modes.

2.4.2. Input Energy Calculation

Following the general approach to the energy-value analysis given by Odum [42,44]
the boundaries of the crop production system are first defined and an aggregated energy-
value diagram is drawn to illustrate the boundaries, the main components, interactions,
and the direction of all energy flows (Figure 3). Agricultural systems are driven by
two sources of inputs: inputs from the natural environment and inputs from purchased
resources. The rectangular box indicates the system boundary. Natural inputs are on the
left side of the diagram. Market inputs are on the upper side of the diagram.

The data in this study were calculated as the average of 2-year field trial data. Each
treatment study was calculated as a 1 hm? unit area, and the time of each input and output
energy value was calculated as an anniversary (the specific calculation formula is shown
in the Supplementary Materials Table 54). In this study, the energy value at baseline of
1.52 x 10% sej-a~! was used for calibration, the energy conversion of each crop seed, eco-
nomic yield, and straw referred to Agroecology [43] and the material, value, and energy
conversion of other items referred to Ecological and Economic System Energy Value Analysis
by Lan et al [44], including solar energy, rain potential energy, rain chemical energy, wind
energy, net loss of topsoil layer, nitrogen fertilizer, phosphate fertilizer, potash fertilizer,
pesticide, film, agricultural machinery, fuel, and labor. The formulas are as follows:

Solar energy = area under crops x annual solar radiation per unit area

Chemical energy of rainwater
= area under crop X average annual precipitation )
X rainwater density X free energy of rainwater

Potential energy of rain
= crop area X mean annual precipitationelevation (10)
X rain density X gravitational acceleration

Wind energy = 0.5 x air density x time X cross

— sectional area x average wind speed® ()
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Net loss of topsoil layer
= crop area X topsoil layer erosion

x soil organic matter content (12)
X energy per gram of organic matter
Nitrogen fertilizer
= amount of nitrogen fertilizer (13)
X energy per unit of matter
Phosphorus fertilizer
= amount of phosphorus fertilizer (14)
X energy per unit of matter
Potash = potash dosage x energy per unit of matter (15)
Pesticides = pesticide dosage x energy per unit of matter (16)
Film = amount of agricultural film x energy per unit of material (17)

Machinery = total power of agricultural machinery x working time x 3.60 x 10°  (18)

Fuel = amount of fuel x energy per unit of substance (19)

2.4.3. Energy Value Input-Output Programs

The different resources are categorized according to the energy values of natural re-
sources (I), emergy of social resources and renewable resources (U), and energy values of
non-renewable resources. The energy values of inputs and outputs are then categorized
(the specific calculation formula is shown in the Supplementary Materials Table S4).

2.4.4. Emergy Analysis Index

Due to the complexity and multi-objective nature of the crop production system, it is
difficult to use a single indicator for its comprehensive evaluation. In this study, several
energy-value indicators that can characterize the system are selected for evaluation, and
they are described and elaborated in detail [46] (the specific calculation formula is shown
in the Supplementary Materials Table S5).

2.5. Statistical Analysis

The GLM program in the SPSS 19.0 (SPSS Ins., Chicago, IL, USA) software was used
for variance analysis to compare the differences of annual economic yield, economic pro-
ductivity, biological yield, biological productivity, output value and economic benefit
among different treatments. The minimum significance difference test showed that the dif-
ference between treatments was significant (p < 0.05). The Origin 2024(OriginLab.,
Northampton, MA, USA) software was used for mapping.

3. Results
3.1. Cropping Patterns Economic Yield and Capacity

The annual economic yield and production capacity of the Novel Triple Cropping Sys-
tem (T5, T6, T7, T8) were significantly higher than that of the Traditional Double Cropping
System (T1, T2, T3) and Traditional Triple Cropping System (T4) (Figure 4). The trend of
annual economic yield was T5 > T6>T7 > T8 > T3 > T4 >T2>T1 (Figure 4A). The average
economic yield of the Novel Triple Cropping System was 100.39% higher than that of the
Double Cropping System (T1, T2, T3), and 49.18% higher than the Traditional Triple Crop-
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ping System (T4). In the Novel Triple Cropping System, the T5 and T6 cropping systems
made the main contributions to the economic yield from the first maturity, with contri-
bution rates of 61.26% and 59.17%, respectively. In the second maturity they contributed
31.19% and 31.23%, and in the third maturity contributed the lowest rates of 7.56% and
9.61%. The economic yield contribution of T7 and T8 cropping models was mainly from
the second crop, and in the second maturity they contributed 48.94% and 52.94%, respec-
tively. In the first maturity they contributed the next highest at 35.43% and 36.44%, and in
the third maturity they contributed the lowest at 15.64% and 11.56%.
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Figure 4. Economic yield and productivity of the cropping model: (A) is the economic output of dif-
ferent treatments; and (B) is the capacity of different treatment economic output. Traditional Double
Cropping System: T1, oilseed rape-summer soybean; T2, oilseed rape-summer maize; T3, wheat-
summer maize. Traditional Triple Cropping System: T4, wheat/spring maize/summer soybean.
Novel Triple Cropping System: T5, forage oilseed rape-spring maize/summer soybean; T6, forage
oilseed rape-spring maize/peanut; T7, potato-spring maize/peanut; T8, potato-spring maize/summer
soybean. The different lowercase letters indicate significant differences among different treatments
(p <0.05).

The changing trend of production capacity was consistent with the economic yield, in
the order of T6 > T5>T7 >T8 >T3 > T4 >T2>T1 (Figure 4B). The production capacity of
the Novel Triple Cropping System was on average 71.32% higher than that of the Double
Cropping System, and 36.48% higher than that of the Traditional Triple Cropping System.
In the Novel Triple Cropping System, T5 and T6 economic capacity contribution mainly
came from the first maturity, with contribution rates of 53.49% and 50.57%, respectively;
the second maturity crop was the second highest with contribution rates of 35.77% and
35.06%, respectively; and the third maturity had the lowest contribution rates of 10.74%
and 14.37%. The economic yield energy of the T7 and T8 cropping system mainly came
from the second maturity, with contribution rates of 46.58% and 50.67%, respectively. The
first-maturity followed with 33.58%, 35.39% respectively, while third maturity crops con-
tributed the least with 19.84% and 13.94%, respectively.

3.2. Yield and Production Capacity of Cropping Model Biomes

Different cropping modes showed significant differences in the accumulation of an-
nual biomass and biomass production capacity, but the trends of biological yield and pro-
duction capacity size of different cropping modes were different from the trends of eco-
nomic yield and production capacity changes (Figure 5).
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Figure 5. Biomass and biomass productivity of different cropping systems: (A) shows the
biomass under different treatments; (B) shows the energy produced by the biomass under dif-
ferent treatments: Traditional Double Cropping System: T1, oilseed rape-summer soybean; T2,
oilseed rape-summer maize; T3, wheat-summer maize. Traditional Triple Cropping System: T4,
wheat/spring maize/summer soybean. Novel Triple Cropping System: T5, forage oilseed rape-
spring maize/summer soybean; T6, forage oilseed rape-spring maize/peanut; T7, potato-spring
maize/peanut; T8, potato-spring maize/summer soybean. The biological yield and biological pro-
ductivity of different cropping modes. The different lowercase letters indicate significant differences
among different treatments (p < 0.05).

In terms of annual biological yield, the trend in 2017 and 2018 was T5 > T6 > T4 > T2
> T3 > T8>T7>T1 (Figure 5A). The two Novel Triple Cropping Systems of T5 and T6 al-
lowed 26.60% and 18.02% higher yields than in the systems of the Traditional Double Crop-
ping System and Traditional Triple Cropping System. The Novel Triple Cropping System
improved by 12.53% and 4.90% compared with the Traditional Double Cropping System
and the Traditional Triple Cropping System. The Novel Triple Cropping Systems T5, T6,
T7, and T8 made biological yield contribution mainly from the second maturity, with con-
tribution rates of 40.66%, 44.25%, 55.26%, 53.21%, respectively. The first maturity contribu-
tion rate followed, with 37.76%, 39.72%, 22.84%, 20.99%, respectively. The lowest contribu-
tion rate was in the third maturity, with 21.58%, 16.03%, 21.53%, and 25.80% respectively.

The average biomass productivity was as follows: T5 >T6 >T2 > T4 > T3 > T8 >
T7 > T1 (Figure 5B). The energy from biomass of the T5 and T6 Novel Triple Cropping Sys-
tems were significantly better than those of the Traditional Double Cropping System and
Traditional Triple Cropping System, with average increases of 24.96% and 16.39%. Com-
pared with the Traditional Double Cropping System and the Traditional Triple Cropping
System, the Novel Triple Cropping System improved by 13.59% and 5.80%. The biomass
energy contribution of the Novel Triple Cropping Systems T5, T6, T7 and T8 came mainly
from the second crop, and the contribution rates were 41.38%, 44.43%, 52.62% and 51.97%,
respectively. The contribution rate of the single crop was 36.39%, 37.05%, 24.06% and
22.52%, respectively. The lowest contribution rates of the three crops were 22.23%, 18.53%,
23.32% and 25.51%, respectively.

3.3. Analysis of Economic Benefits of Different Cropping Patterns

From the perspective of the annual production value of different cropping patterns,
the annual economic production values of two years were as follows: T7 > T8 > T6 > T5 >
T4 > T2 > T3> T1 (Figure 6A). The Novel Triple Cropping System was significantly higher
than the Traditional Double Cropping System and the Traditional Triple Cropping System,
with an average increase of CNY 21,088 -hm~2 and CNY 17,088 -hm~2 in annual economic
output value.
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Figure 6. Output value, cost, and economic benefit of different cropping modes: (A) is the output
value of different processing; (B) refers to different processing costs and cost composition; and (C) is
for different processing profits. Traditional Double Cropping System: T1, oilseed rape-summer soy-
bean; T2, oilseed rape-summer maize; T3, wheat-summer maize. Traditional Triple Cropping Sys-
tem: T4, wheat/spring maize/summer soybean. Novel Triple Cropping System: T5, forage oilseed
rape-spring maize/summer soybean; T6, forage oilseed rape-spring maize/peanut; T7, potato-spring
maize/peanut; T8, potato-spring maize/summer soybean. The different lowercase letters indicate
significant differences among different treatments (p < 0.05).

The total cost tended to increase with the increasing patterns of diversity and matu-
rity (Figure 6B). The total cost of the Novel Triple Cropping System was 74.77% and 51.54%
higher than the Traditional Double Cropping System and Traditional Triple Cropping Sys-
tems, respectively. A comparative analysis of the cost structure of the different cropping
patterns showed that the proportion of each cost varied among the patterns, but labor was
the item that accounted for the heaviest proportion of the total cost among all the patterns,
and compared with other cropping systems, the new three-maturing system had a signifi-
cant increase in the inputs of seeds, fertilizers, and labor, which led to an overall increase
in the total inputs.

The 2-year average of annual economic benefits showed that T7 > T8 > T5>T6 >T2 >
T4>T3 > T1 (Figure 6C). The economic benefits of the Novel Triple Cropping System were
higher than those of the Traditional Double Cropping and the Traditional Triple Cropping
System, with average increases of CNY 9068 -hm~2 and CNY 7533 -hm 2.

3.4. Emergy Analysis of Different Cropping Patterns
3.4.1. Emergy Input and Emergy Output

Unrenewable natural resources (N) based on net loss of topsoil showed differences
among the different cropping systems (Table S6). The Net loss of topsoil of the Novel
Triple Cropping System was lower than that of Traditional Double Cropping System and
Traditional Triple Cropping System by 9.49% and 8.15%, respectively. Industrial auxil-
iary emergy (F) inputs also differed under different cropping patterns. The Novel Triple
Cropping Systems had 2.18% and 1.15% higher industrial auxiliary emergy input than
the Traditional Double Cropping System and Traditional Triple Cropping System, respec-
tively. The differences mainly came from the differences in fertilizer application frequency
and fertilizer amount. In terms of renewable organic emergy (R1), there were also signif-
icant differences between the different cropping patterns. The renewable organic emergy
input of the Novel Triple Cropping System was 65.94% and 37.31% higher than those of
the Traditional Double Cropping System and the Traditional Triple Cropping System, re-
spectively. The differences were mainly due to more labor inputs in the Novel Triple
Cropping System. On average, the Total input of emergy of the Novel Triple Cropping
System was 1.21 x 10! sej-hm~2-year, while those of the Traditional Double Cropping
System and the Traditional Triple Cropping System were 1.14 x 107 sej-hm~2.year and
1.16 x 10'7 sej-hm~? year, respectively. Overall, the total input of emergy in the Novel
Triple Cropping System was 6.56% and 4.25% higher than the Traditional Double Crop-
ping System and the Traditional Triple Cropping System, respectively.

There were differences in the emergy outputs of the different cropping patterns
(Table 2), with different crop combinations within the patterns being the main reason for
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the differences in energy output of the different patterns. The emergy outputs were as fol-
lows: T7 (2.39 x 106 sej) > T8 (2.33 x 10 sej) > T2 (2.15 x 10 sej) > T4 (2.13 x 10 sej)
> T5 (2.09 x 101 sej) =T6 (2.09 x 10© sej) > T3 (2.06 x 10'° sej) > T1 (1.66 x 10'° sej). The
Novel Triple Cropping System was higher than Traditional Double Cropping System and
Traditional Triple Cropping System by 13.69% and 4.27%, respectively.

Table 2. Emergy output analysis of ecosystems under different cropping modes (Unit: sej).

Item T1 T2 T3 T4 5 T6 T7 T8
Wheat - - 5.89 x 10> 3.92 x 10%° - - - -
Rape 5.62 x 101° 579 x 101 - - - - - -
Forage rape - - - - 510 x 10"°  4.99 x 10" - -
Potato - - - - - - 757 x 101 7.41 x 101
Maize - 855 x 101 853 x 10> 801 x 10 7.61 x 10 772 x10% 7.63 x 10>  7.70 x 10%°
Soybean 3.46 x 10'° - - 2.83 x 10"® 2,90 x 10" - - 2.69 x 10'
Peanut - - - - - 405 x 10 4.16 x 10 -
Ei‘;r;fl‘:;c 9.08 x 1015 143 x 101® 144 x 1016 148 x 106  1.56 x 10'®  1.68 x 1016  1.94 x 101®  1.78 x 1016
Straw 748 x 101 714 x 10 622 x10%® 657 x 10® 525 x 10° 417 x 10> 454 x 10°  5.46 x 10¥°
Y TOtgLf;‘ftrgy 1.66 x 1016 2,15 x 1016 2.06 x 1016 2.13 x 10'®  2.09 x 1016  2.09 x 101®  2.39 x 1016  2.33 x 1016

Note: Traditional Double Cropping System: T1, oilseed rape-summer soybean; T2, oilseed rape-summer maize;
T3, wheat-summer maize. Traditional Triple Cropping System: T4, wheat/spring maize/summer soybean. Novel
Triple Cropping System: T5, forage oilseed rape-spring maize/summer soybean; T6, forage oilseed rape-spring
maize/peanut; T7, potato-spring maize/peanut; T8, potato-spring maize/summer soybean.

3.4.2. Emergy Index Analysis
The average values of the emergy indexes of the different treatments were taken to

represent the three cropping modes, respectively. The data of the different emergy indica-
tors were normalized and compared (Figure 7).

Renew able resource emergy ratio

System Stability Index __La2pa

v

Unrenew able resource emergy ratio

System Production Advantage :

——Double Cropping System

Traditional Triple Cropping System

Novel Triple Cropping System

Figure 7. Differences in emergy indexes of different cropping patterns. Traditional Double Crop-
ping System: T1, oilseed rape-summer soybean; T2, oilseed rape-summer maize; T3, wheat-summer
maize. Traditional Triple Cropping System: T4, wheat/spring maize/summer soybean. Novel Triple
Cropping System: T5, forage oilseed rape-spring maize/summer soybean; T6, forage oilseed rape-
spring maize/peanut; T7, potato-spring maize/peanut; T8, potato-spring maize/summer soybean.
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Renewable and Non-Renewable Natural Resource Emergy Ratios

The renewable resource energy value ratio of the Novel Triple Cropping System is
lower than that of the Traditional Double Cropping System and the Traditional Triple
Cropping System by 3.07% and 1.97% on average, respectively (Figure 7 and Supplemen-
tary Materials Table 56). The emergy ratio of non-renewable resources was 0.02% lower
than the average of the Traditional Double Cropping System and the Traditional Triple
Cropping System, which ultimately led to a lower emergy self-sufficiency rate (ESR) than
that of the Traditional Double Cropping System and the Traditional Triple Cropping Sys-
tem, indicating that the Novel Triple Cropping System relies on natural resources to a
lesser extent.

Proportion of Industrial Auxiliary Energy and Proportion of Organic Auxiliary Energy

The industrial auxiliary energy ratio of the Novel Triple Cropping System is 1.66%
and 1.18% lower than that of the Traditional Double Cropping System and the Traditional
Triple Cropping System, respectively (Figure 7 and Supplementary Materials Table S6),
However, the organic auxiliary energy ratio of the Novel Triple Cropping System is 4.75%
and 3.17% higher compared to that of the Traditional Double Cropping System and the
Traditional Triple Cropping System, respectively, which ultimately results in the Novel
Triple Cropping System having a higher average ratio of purchased energy value than the
Traditional Double Cropping System and the Traditional Triple Cropping System. This
indicates that the Novel Triple Cropping System is more dependent on purchased energy,
but the Two-maturity Net Cropping System has a higher level of mechanization.

Energy Input Ratio (EIR)

There are differences in the EIR of different cropping modes (Figure 7 and Supple-
mentary Materials Table S6). The average EIR of the Novel Triple Cropping System is 1.12,
the average EIR of the Traditional Double Cropping System is 0.98, and the EIR of the
Traditional Triple Cropping System is 1.03. The Novel Triple Cropping System is 13.31%
and 8.46% higher compared to Traditional Double Cropping System and Traditional Triple
Cropping System, respectively. This indicates that the Novel Triple Cropping System re-
lies less on natural resources and more on purchased resource inputs.

Energy-Yield Ratio (EYR)

The average EYRs of the Novel Triple Cropping System and Traditional Double Crop-
ping System were both 0.35, and the EYR value of the Traditional Triple Cropping Sys-
tem was even higher at 0.36, which indicated that the Traditional Triple Cropping System
had a higher utilization rate of purchased resources, and the return on energy value was
higher than that of the other two cropping systems (Figure 7 and Supplementary Materials
Table S6).

Environmental Load Ratio (ELR)

The average ELR of the Novel Triple Cropping System was 0.66, while that of the
Traditional Double Cropping System was 0.70 and that of the Traditional Triple Cropping
System was 0.69 (Figure 7 and Supplementary Materials Table S6). Compared with the Tra-
ditional Double Cropping System and the Traditional Triple Cropping System, the Novel
Triple Cropping System was 6.71% and 4.82% lower, respectively. This indicates that the
Novel Triple Cropping System causes less pressure on the environment.

Emergy Density (ED)

The average ED of the Novel Triple Cropping System was 1.21 x 10'3, while that
of the Traditional Double Cropping System was 1.14 x 10'3, and that of the Traditional
Triple Cropping System was 1.16 x 10'® (Figure 7 and Supplementary Materials Table S6).
The Novel Triple Cropping System was 6.56% and 4.25% higher than that of the Tradi-
tional Double Cropping System and the Traditional Triple Cropping System, respectively.
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This indicates that the Novel Triple Cropping System has a higher degree of intensive
production.

Energy Sustainability Index (ESI)

The average ESI of the Novel Triple Cropping System was 0.54, the average ESI of
the Traditional Double Cropping System was 0.50, and the average ESI of the Traditional
Triple Cropping System was 0.53 (Figure 7 and Supplementary Materials Table S6). The
Novel Triple Cropping System was higher than the Traditional Double Cropping System
and the Traditional Triple Cropping System by 8.08% and 1.22%, respectively. This indi-
cates that the Novel Triple Cropping System possesses a higher ecological and economic
sustainability.

System Production Advantage

The average production superiority of the Novel Triple Cropping System was 0.37,
the average production superiority of the Traditional Double Cropping System was 0.51,
and the average production superiority of the Traditional Triple Cropping System was 0.38
(Figure 7 and Supplementary Materials Table S6). Compared with the Traditional Double
Cropping System and the Traditional Triple Cropping System, the new triple cropping
model was 27.84% and 2.62% lower, respectively. The results showed that the Novel Triple
Cropping System had a high balance among all crops.

System Production Advantage

The average system stability index of the Novel Triple Cropping System was 1.05, the
average system stability index of the Traditional Double Cropping System was 0.68, and
the system stability index of the Traditional Triple Cropping System was 1.04 (Figure 7 and
Supplementary Materials Table S6). The Novel Triple Cropping System was higher than
the Traditional Double Cropping System and the Traditional Triple Cropping System by
53.43% and 1.21%, respectively. Which indicates that the new Triple Cropping System
possesses a higher degree of self-stability.

4. Discussion
4.1. Productivity and Economic Benefit of Novel Triple Cropping System

Traditional two-maturing net cropping has made a significant contribution to the de-
velopment of agriculture in China [48], but with the development of society, human activi-
ties have had a significant impact on food production [49]. Many studies have pointed out
that it has become urgent to change the currently dominant cropping system in an innova-
tive and sustainable way [50]. Previous studies have pointed out that scholars can conduct
in-depth rural research to design new cropping systems that meet social and environmen-
tal expectations [51]. Increasing the variety of crops within the farmland and utilizing the
complex interactions between crops can be made to meet social needs and become sustain-
able [52]. In this study, not only have crop maturity and crop types been increased, but a
combination of crop rotation and intercropping has also been introduced, increasing crop
diversity and diversity of farming methods.

As expected, the Novel Triple Cropping System showed higher economic yield in-
creases of 100.39% and 49.18%, and capacity increases of 71.32% and 36.48% compared
to the Traditional Double Cropping System and the Traditional Triple Cropping System
(Figure 4). The Novel Triple Cropping System, as a whole, also showed improvement in
biological yield and energy production by 13.59% and 5.80% compared to the Traditional
Double Cropping System and Traditional Triple Cropping System, respectively (Figure 5).
In particular, the economic yield, biological yield, and production capacity of the T5 and
T6 cropping patterns were higher than other cropping patterns. The increase in maturity
systems improved grain yield in the triple maturity relative to the double maturity sys-
tem, but the Novel Triple Cropping System had a more significant increase in grain yield
(Figure 4A). In a previous study, the economic yield of the two-year triple maturity sys-
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tem’s annual crop was 76.80% higher than that of the one-year double maturity system [53].
These findings are consistent with the results of this study. The main reason for this is that
increasing the annual crop maturity can serve to increase the annual yield. The huge yield
advantage of the T5 and T6 patterns in this study mainly originated from the first season
due to the fact that forage oilseed rape possessed a huge yield advantage and economic
advantage (Figure 4A). Overall, the Novel Triple Cropping System achieved the desired
goal of increasing crop yields.

Economic profit is the most important driving force of agricultural farming activi-
ties [41]. Economic profit is determined by both output value and cost. In our study,
compared with the Traditional Double Cropping System and Traditional Triple Cropping
System, the Novel Triple Cropping System significantly increased the output value per
unit area of the farmland system, which could be increased by CNY 21,088 -hm~2 and
CNY 17,088 -hm~2 (Figure 6A). However, high output is also accompanied by high inputs,
and the total inputs of the Novel Triple Cropping System increased by 74.77% and 51.54%
compared with the Traditional Double Cropping System and the Traditional Triple Crop-
ping System (Figure 6B).The high output value of the new Novel Triple Cropping System
compensated for its high input deficiency, which made the Novel Triple Cropping Sys-
tem still have higher economic benefits, with an average increase of CNY 9068 -hm~2 and
CNY 7533 -hm~2 compared with the Traditional Double Cropping System and the Tra-
ditional Triple Cropping System (Figure 6C). A previous study in the North China Plain
found that the economic efficiency was shown as one year of a two-maturing system >
two years of a three-maturing system > one year of one-maturing system [54]. There were
also studies showing that the output value of a three-maturing system could be increased
by 20.38-91.50% compared with a two-maturing system and one-maturing system [55].
The increase of maturity of systems and reasonable crop mix become the key to improving
economic efficiency. Higher economic efficiency is the most intuitive factor for farmers
and is one of the important favorable factors for the successful promotion of the Novel
Triple Cropping System.

4.2. Emergy Benefits of the Novel Triple Cropping System

Previous studies have investigated whether cropping systems should be constructed
with along-term perspective, and whether biodiversity-friendly cropping systems are more
important than traditional cropping systems [56]. For example, mustard planting in arid
and semi-arid areas can increase organic matter in soil, and maintain soil biotype and
crop diversity [57]. There are differences in non-renewable environmental resources (N)
based on topsoil loss (Table S6) and the Novel Triple Cropping System was lower than the
Traditional Double Cropping System and the Traditional Triple Cropping System. The
Novel Triple Cropping System has less topsoil loss, better soil and water conservation
capacity, and could effectively prevent soil erosion in farmland. The topsoil loss was a
non-renewable resource input, and one of the key methods to reduce topsoil loss in farm-
land is to use no-tillage technology [58]. Thus, it is necessary to take other measures to
reduce topsoail loss, such as tilling only in the sowing row [21]. The Novel Triple Crop-
ping System increased nitrogen fertilizer input by 24.22% and 32.50% compared to the
Traditional Double Cropping System and Traditional Triple Cropping System (Table 1).
Nitrogen fertilizer inputs varied considerably due to differences in the amount and fre-
quency of fertilizer application by cropping pattern. Excessive fertilizer inputs can cause
environmental pollution, and the use of organic fertilizers instead of chemical fertilizers
in the Novel Triple Cropping System is a reasonable measure to reduce greenhouse gas
emissions and to improve the quality of agricultural products [59]. Nall [60] found that
pesticide and chemical fertilizer inputs were 7.53 x 10'° and 3.49 x 10'5 sej-hm2-year !
in a study comparing fertilizer treatment in Guyana. In this study, the fertilizer use was
comparable to the Novel Triple Cropping System fertilizers, and their pesticide use was
higher than that in the present study.



Agronomy 2023, 13, 2640

16 of 20

The renewable organic function (R1) of the Novel Triple Cropping System was 65.94%
and 37.31% higher compared to the Traditional Double Cropping System and Traditional
Triple Cropping System (Table 1). Due to higher labor inputs of the Novel Triple Crop-
ping System, which were 65.00% and 37.50% higher compared to the Traditional Double
Cropping System and Traditional Triple Cropping System labor inputs, higher industrial
auxiliary emergy and labor force inputs ultimately make the Novel Triple Cropping Sys-
tem require higher total energy inputs. However, high energy inputs bring about high
energy outputs, and the energy outputs of the Novel Triple Cropping System are higher
than those of the Traditional Double Cropping System and the Traditional Triple Cropping
System by 13.69% and 4.27%.

Emergy-yield ratio (EYR) is an indicator of the degree of total emergy utilization per
unit of purchased inputs, and a higher EYR value implies a more efficient use of energy
and a higher energy return on investment [61]. The EYR of the Novel Triple Cropping
System was slightly higher than that of the Traditional Double Cropping System and the
Traditional Triple Cropping System, indicating that the Novel Triple Cropping System
utilizes purchased resources more efficiently.

Environmental load ratio (ELR) is used to measure the ratio of the energy value of
non-renewable resources to the energy value of renewable resources. ELR is a measure of
the pressure on the environment caused by economic production activities, and higher val-
ues indicate that the use of non-renewable resources puts greater environmental pressure
on the local ecosystem [48]. This study found that the average ELR of the Novel Triple
Cropping System was 0.66, which was lower than that of the Traditional Double Cropping
System (0.70) and the Traditional Triple Cropping System (0.69), suggesting that the Novel
Triple Cropping System has a lower impact on the environment. Zhang’s [15] study sum-
marized that the average ELR of Chinese provinces from the years 2000 to 2010 ranged
from 0.76 to 2.72, and the ELR of the Novel Triple Cropping System was at a lower level.

Emergy density (ED) is the amount of energy used per unit area and reflects the in-
tensification of production activities in a farming system [62]. The ED of the Novel Triple
Cropping System (1.21) was higher than that of the Traditional Double Cropping System
(1.14) and the Traditional Triple Cropping System (1.14), indicating that the Novel Triple
Cropping System invested more energy per unit area of land, and had higher production
intensification.

A higher emergy sustainability index (ESI) indicates that the farming system has
higher ecological and economic sustainability [63]. In this study, the ESI of the Novel Triple
Cropping System (0.54) was higher than that of the Traditional Double Cropping System
(0.37) and Traditional Triple Cropping System (0.38), which indicated that the Novel Triple
Cropping System had stronger sustainability. Previous research on Chinese rural farming
systems showed that the ESI value of corn monoculture cropping was 0.45, and the ESI
value of mushroom monoculture cropping was 0.38, indicating that the Novel Triple Crop-
ping System increased the sustainability of the farmland production system compared to
the monoculture system [64].

The degree of system production advantage reflects the balance of the production
units of the overall structure, and a lower degree of advantage indicates that the system
structure is more balanced and rational [65]. This study found that the balance of the Novel
Triple Cropping System was higher than that of the Traditional Double Cropping System
and the Traditional Triple Cropping System, The system stability index reflects the overall
stability and coordination of the structure of the farming system. A high system stability
index indicates that the material and energy flow connection network of the agricultural
system is well developed, and the system has strong self-control, regulation, and feedback
effect, and strong self-stability [43]. The Novel Triple Cropping System (1.05) was higher
than the Traditional Double Cropping System (0.68) and Traditional Triple Cropping Sys-
tem, indicating that Novel Triple Cropping System had strong self-stability and superior
self-regulating ability.
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4.3. Problems and Coping Strategies in Promoting the Novel Triple Cropping System

This study focused on the evaluation of farmland sustainability aspects. The Novel
Triple Cropping System has good sustainability and productivity, indicating that the Novel
Triple Cropping System was a cropping model that can be developed in the long term.
Good sustainability and crop diversity could help this farming system to cope with uncer-
tain and changing environments [66], increase soil carbon stocks [67], and promote benefi-
cial interactions between crops to improve crop health [68].

However, in actual production, farmers are reluctant to consider the concept of ecol-
ogy, and they are more concerned with obtaining higher yields and economic benefits at
the right cost. Therefore, it is important to balance ecological and economic benefits when
designing cropping patterns.

The sustainability and economic benefits of the Novel Triple Cropping System are
higher than those of the Traditional Double Cropping System and the Traditional Triple
Cropping System, which provides favorable conditions for successful promotion. How-
ever, the Novel Triple Cropping System also has problems; for example, the input labor
costs are much higher than other cropping systems. This indicates that the Novel Triple
Cropping System requires more labor management. In view of the above problems, in
order to ensure the smooth promotion of the Novel Triple Cropping System, in the short
term, the state can issue economic subsidies to encourage farmers to change their cropping
patterns, and in the long term, the state needs to vigorously develop the mechanization of
hilly and dry land to improve labor efficiency and reduce labor inputs. In the future, the
sustainability of agricultural production will meet more challenges, and changes in farm-
ing systems and practices, combined with the guidance of national policies, are some of
the potential ways to realize the harmonization of agricultural production and the ecolog-
ical environment.

5. Conclusions

The outdated cropping system and single crop structure are difficult to adapt to mod-
ern agricultural production. This study constructed a new cropping model with full con-
sideration of the local climate and national policy and adopted the methods of ECA and
economic benefit evaluation to compare and analyze three cropping models from different
perspectives. The Novel Triple Cropping System increases the sustainability and economic
efficiency of farmland ecosystems and can be extended globally in semi-arid hilly regions.
The results of the study show that the Novel Triple Cropping System is characterized by
high input and high output in terms of economy, and its economic benefit exceeds that
of the Traditional Double Cropping System and the Traditional Triple Cropping System.
Initiatives such as mechanization and reduction of labor inputs are particularly important
in reducing cost inputs and improving economic benefits. From the perspective of sus-
tainability, the Novel Triple Cropping System enhances the soil and water conservation
capacity of farmland ecosystems and resource utilization efficiency, showing high levels
of intensification and sustainability. This model not only has economic advantages and im-
proves farmers’ income, but also has sustainability in production, providing a completely
new way of thinking for optimizing the cropping system.

Supplementary Materials: The following supporting information can be downloaded at: https:
/[www.mdpi.com/article/10.3390/agronomy13102640/s1, Figure S1: Cost composition ratio of dif-
ferent cropping modes. Traditional Double Cropping System: T1, oilseed rape-summer soybean;
T2, oilseed rape-summer maize; T3, wheat-summer maize. Traditional Triple Cropping System: T4,
wheat/spring maize/summer soybean. Novel Triple Cropping System: T5, forage oilseed rape-spring
maize/summer soybean; T6, forage oilseed rape-spring maize/peanut; T7, potato-spring maize/
peanut; T8, potato-spring maize/summer soybean. Table S1: Field Density and Fertilizer Applica-
tion Amount of Different Cropping Modes. Traditional Double Cropping System: T1, oilseed rape-
summer soybean; T2, oilseed rape-summer maize; T3, wheat-summer maize. Traditional Triple
Cropping System: T4, wheat/spring maize/summer soybean. Novel Triple Cropping System: T5,
forage oilseed rape-spring maize/summer soybean; T6, forage oilseed rape-spring maize/peanut; T7,
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potato-spring maize/peanut; T8, potato-spring maize/summer soybean. Table S2: Energy Conver-
sion Coefficients of Different Cropping Modes; Table S3: Conversion Rates of Solar Energy Values
for Major Energy Types in Agroecosystems. Note: The data in the table are too large to be expressed
by the scientific counting method. The same is true below; Table S4: Emergy Input-Output Projects
in Agroecosystems; Table S5: Emergy analysis index expression; Table S6: Analysis of Emergy Indi-
cators of Different Ecosystems (Unit: sej). Traditional Double Cropping System: T1, oilseed rape-
summer soybean; T2, oilseed rape-summer maize; T3, wheat-summer maize. Traditional Triple
Cropping System: T4, wheat/spring maize/summer soybean. Novel Triple Cropping System: T5,
forage oilseed rape-spring maize/summer soybean; T6, forage oilseed rape-spring maize/peanut; T7,
potato-spring maize/peanut; T8, potato-spring maize/summer soybean.
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