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Abstract: The rapid urbanization process has gradually deepened its role in the sustainable devel-
opment of agriculture, especially in the sustainable supply of food in poor areas, and has attracted
more attention from international academic circles. However, the impact mechanism of different
dimensions of urbanization on food sustainability in poor areas has not yet been fully unpacked.
Therefore, this study focuses on potatoes as a specialty food mainly grown in poor areas of China,
explores the impact mechanism of urbanization on the carbon emission intensity of potato produc-
tion (CEIPP) with the spatial Durbin model, and compares with the carbon emission intensity of
staple grain (CEISG) results. The main conclusions are as follows: the urbanization of main potato-
producing areas developed rapidly from 2002 to 2020, which is in line with the decrease in CEIPP.
The decrease in CEIPP has a significant impact on slowing down the growth of total carbon emissions
and has greater potential for reduction, especially in Central and Western China, which has a large
poverty-stricken population. Compared with traditional staple grain, urbanization has become a
key factor influencing CEIPP. The results indicate that different dimensions of urbanization have
varying degrees of impact on the sustainable production of regional specialty foods in China. The
improvement of comprehensive urbanization, population urbanization, and economic urbanization
reduces CEIPP, while land urbanization increases CEIPP. Therefore, to reduce CEIPP and promote its
sustainable development, it is necessary to improve population urbanization and economic urban-
ization, properly avoid the disorderly expansion of land urbanization, and improve the quality and
level of comprehensive urbanization.

Keywords: urbanization; carbon emission intensity; potatoes; poor areas; spatial Durbin model

1. Introduction

Recent climate change, frequent pests and diseases, COVID-19 pandemics, and re-
gional conflicts have posed serious challenges to global food security, threatening the lives
and livelihood of people in all countries around the world, especially those in vulnerable
groups [1–3], and may lead to a failure to achieve the “zero hunger” goal (SDG 2) on
schedule [4]. In 2019, 144 million children under the age of five had developmental delays
due to hunger and malnutrition [5], and 47 million children were emaciated [6]. Children
with developmental delays are mainly found in Asia and Africa, accounting for 95% of
the world total [7]. Meanwhile, urbanization in poor areas such as Asia and Africa has
also rapidly increased. The rapid urban sprawl promotes not only economic development
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but also generates enormous environmental burdens and ecological pressures, leading to a
series of ecological and environmental problems [8,9]. Does the ecological environment,
especially carbon emissions caused by urbanization, affect food production in poor areas?
What is the impact mechanism of the rapid urbanization process in poor areas on the
sustainable development of regional food? This paper attempts to discuss these issues.

According to gradient theory, the rural population flows massively to cities during
urbanization [10,11], and the land scale expands in a disorderly manner, leading to the
restructuring of production factor inputs [12], changes in food production methods [13],
and technological efficiency [14,15]. This exacerbates the aging of the rural population [16]
and leads to the loss of arable land, structural shortage of labor, and the non-agricultural
conversion of farmland [17–19], which ultimately affects regional food security [20]. Ur-
banization also promotes the growth of farmers’ non-agricultural income and the diver-
sification of agricultural product consumption structure. This results in non-agricultural
conversion of grain production structure [21], which has a crowding-out effect on grain
production. The regional imbalance in urbanization causes a serious imbalance in food
production [22]. Meanwhile, urbanized areas are generally leaders in the comprehensive
green and low-carbon transformation of the economy and society, as well as in the innova-
tion and promotion of green and low-carbon technologies, so they play a crucial role in
promoting carbon reduction and improving carbon emission efficiency.

China has experienced the most massive urbanization in human history in the past
40 years. The urban permanent population has increased by 730 million, and the urbaniza-
tion rate has increased from 17.9% in 1978 to 50.0% in 2010 and then surged to 65.2% in
2022 [23]. Joseph E. Stiglitz observed that the two most significant events of the 21st century
were technological progress in the United States and urbanization in China, which fully
demonstrates the historical significance and profound impact of urbanization in China [24].
There is no denying, however, that urban population growth and regional expansion in
areas with high poverty rates may be more likely to cause systemic damage to the food
system. Against the dual background of China’s new urbanization and rural revitalization,
the transformation of agricultural production in poverty-stricken areas not only requires
attention to the future livelihood status of small farmers [25] but also actively explores
ways to achieve sustainable agricultural development.

Potatoes are more stress-resistant, environment-friendly, and more widely used com-
pared with traditional staple grains. They play an important role in increasing grain pro-
duction and farmers’ income, as well as improving soil, making significant contributions to
ensuring sustainable food security in poor areas. Due to the above advantages, potatoes
have become the third largest food crop for global cultivation and consumption [26]. Global
statistics show that Asian countries are becoming regions with strong growth in potato
production [27], and potato production in China has also experienced stable growth for
nearly half a century [28]. It has initiated the strategy of developing potatoes as a staple
food since 2014 [29] to promote the cultivation and consumption of potatoes [30]. The
advantageous potato-producing areas in China are located in Northwest and Southwest
China, with a trend of spatial concentration [31]. Urbanization in Central and Western
China has accelerated in recent years, driven by major strategies such as the Western
Development Strategy and the construction of the “Belt and Road”. However, the typical
characteristics of the environment in these regions include many unfavorable factors [32],
making it easier for them to concentrate on poverty-stricken populations [33]. Therefore,
a comprehensive analysis and assessment of the impact of urbanization in poor areas on
carbon emissions from potatoes, as well as food security, is of great significance for a correct
understanding of the relationship between urbanization and sustainable food production.

Urbanization is changing the food systems of countries around the world. Previous
research on the impact of urbanization on food security has mainly focused on individual
aspects of food production or consumption [34,35], with little attention paid to the analysis
of urbanization on sustainable food production. Moreover, there is a lack of exploration
of the relationship between urbanization and low-carbon production of specialty food in
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poor areas. Firstly, this study matched the distribution of main potato-producing areas
with poverty-stricken counties in China and used the staple grain-producing areas as a
control to determine the area of research of this study. Secondly, the urbanization levels and
carbon emission intensity of potato production (CEIPP) were calculated based on the multi-
dimensional urbanization framework of “economy-population-land”, and an improved
potato production carbon emission model, and then evolutions of their spatiotemporal
patterns were analyzed. Thirdly, the impact mechanism of urbanization on CEIPP was
explored with the spatial Durbin model (SDM). A comparison was made with the results
of carbon emission intensity of staple grains (CEISG) to highlight the significance of this
study in achieving sustainable food production in poor areas. Finally, targeted urbanization
strategies are proposed. The study is also expected to provide empirical references for other
middle-income or developing countries and ultimately contribute to achieving global food
security and sustainable development.

2. Materials and Methods
2.1. Construction of Urbanization Indicators

Urbanization is a very complex economic phenomenon, which not only means the
flow of rural population to cities but also implies changes in lifestyle, land use, and
economic development models. This study measures urbanization with indicators of
three dimensions: population urbanization (PU), land urbanization (LU), and economic
urbanization (EU). Based on this, this paper proposes the concept of a whole set of variables
by drawing on Li [36] and obtains the indicator of comprehensive urbanization (CU) by
combining the Analytic Hierarchy Process and Entropy Method. Referring to Liu et al. [37],
this study defines the indicators of urbanization as follows: PU mainly measures the
proportion of the urban population to the total population at the end of each year in each
province, LU measures the proportion of built-up areas to the administrative area in each
province, and EU measures the proportion of the output value of the secondary and tertiary
industries to the GDP in each province.

The weight coefficient of CU is obtained by combining the Analytic Hierarchy Process
and Entropy Method, and the comprehensive weight is expressed as:

wi =
(wa

i × wb
i )

1/2

∑n
i=1 (w

a
i × wb

i )
1/2 (1)

where wa
i is the weight obtained through the Entropy Method, and wb

i is the weight obtained
through the analytic hierarchy process.

wa
i = (1 − ej)/∑n

j=1 (1 − ej) (2)

ej = − 1
ln(m)∑

m
i=1 pij ln pij (3)

pij = aij/∑m
i=1 aij (4)

aij =
xij − Min(xj)

Max(xj)− Min(xj)
(5)

where pij is the characteristic proportion of evaluation object i under indicator j, ej is the
entropy value of indicator j, aij is the standard value of positive indicators, and max (xj)
and min (xj) represent the maximum and minimum values in indicator j, respectively.

wb
i =

1
n∑n

j=1 (bij/∑n
k=1 bkj) (6)

B = (bij)n×m (7)
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where, bij represents the importance of i.

2.2. Calculation of Carbon Emission

Carbon sources of potato production can be classified into six categories: fertilizers,
pesticides, agricultural plastic films, diesel fuel consumption, crop irrigation, and tillage.
Therefore, the formula of total carbon emissions from potato production (TCEPP) and
CEIPP is:

TCEPPi = ∑
γ=1

Ei,γ = ∑
γ=1

(δi,γ · Ti,γ) + EACH
i + EICR

i (8)

CEIPPi = Etol
i /Yi (9)

where TCEPPi is the total carbon emission of potatoes, Yi is the production of potatoes,
Ei,γ is the emission of carbon source γ, Tiγ is the usage (or production) of each carbon
source, and δi,γ is the carbon emission coefficient of each source. CEIPPi is obtained by
dividing total carbon emission by production. EACH

ij is carbon emission from pesticides.

EICR
i is carbon emission from irrigation and drainage. In the context of ensuring food

supply security, the continuous increase in potato production leads to an increase in total
carbon emissions in the short term. Therefore, a study of the impact mechanism on CEIPP
rather than on TCEPP is more in line with the concept of low-carbon transformation and
sustainability of food production. Referring to Tian et al. [38], Zhang and Wang [39],
and Wang et al. [40], corresponding emission coefficients are obtained for the following
five types of carbon sources. The carbon emission coefficient of fertilizers is 0.897 kg/kg,
pesticides 4.9341 kg/kg, agricultural film 5.180 kg/kg, agricultural diesel 0.593 kg/kg, and
agricultural tillage 3.126 kg/hm2.

The formula for calculating the carbon emission from potato pesticides is:

EACH
ij = δACH · (COSCH

ij /P
CH

ij
) · AREij (10)

where EACH
ij refers to the pesticide carbon emission of potatoes in province j, and COSCH

ij

refers to the pesticide cost per Chinese mu in province j, PCH
ij is the average price of potato

pesticides in province j, and AREij is the planting area of potatoes in province j.
The formula for calculating carbon emission from potato irrigation and drainage is:

EIRij = [(COSij − WARij)/PELj] · AREij (11)

EIRC
ij = ∂ · PVj · EIRij · δce (12)

where EIRC
ij is the carbon emission from irrigation and drainage of potatoes in province

j, EIRij is electricity consumption for irrigation and drainage in province j, COSij is the
cost of irrigation and drainage in province j, WARij is water fees in province j, PELj is the
average cost of electricity for agricultural irrigation in province j, AREij is the planting
area of potatoes in the province j, PVj is the proportion of thermal power in province j,
δce is the carbon emission coefficient of standard coal, with a value of 0.69 (US Energy
Information Administration, EIA), ∂ is the coefficient of converting electricity into standard
coal, with a value of 0.1229 kg of standard coal/KWH (derived from the China Electricity
Statistical Yearbook).

2.3. The Impact Mechanism of Urbanization on Carbon Emissions from Potato Production

This study draws on the research on the impact of urbanization on agricultural carbon
emissions to explore the mechanism of its impact on carbon emissions of potato production.
There is an inherent correlation between the changes in economic, social, and resource fac-
tors brought about by urbanization and the changes in carbon emissions from agricultural
production [41,42]. Factors such as the transfer of rural labor to urban areas, the upgrading
of residents’ consumption structure and the rapid development of rural areas driven by
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urban radiation may all lead to changes in agricultural productivity and resource utilization
efficiency. Therefore, urbanization is an important factor affecting carbon emissions from
agricultural production. Extensive research has been conducted on the relationship between
urbanization and carbon emissions from agricultural land use, and it can be summarized
that urbanization may affect carbon emissions in the following ways: (1) In terms of PU,
urbanization promotes the transfer of agricultural labor. Employment in the primary indus-
try in China has decreased from a peak of 390.98 million in 1991 to 177.15 million in 2021.
After the successful rural reform, a large number of young and middle-aged rural laborers
migrated to cities to work, leaving aged agricultural labor [43]. The reduction of agricul-
tural labor has multiple impacts on carbon emissions. On the one hand, it increases land
use intensity, with increased input of such factors as fertilizers and pesticides, which poses
greater pressure on agricultural land carbon emissions. On the other hand, it promotes the
development of new agricultural management entities and agricultural production trustee-
ship and expands the land management scale, which has a negative impact on the input of
agricultural chemicals, thereby suppressing agricultural carbon emissions [44]. (2) In terms
of LU, the massive expansion of urban land has encroached on agricultural land [45]. For a
long time in the past, urbanization in China basically followed a path of outward expansion,
characterized by high consumption, high emission, and high expansion, which is non-green
extensive development [46]. This model has a high demand for new construction land.
With cities constantly expanding to peripheral rural areas, a large amount of arable land is
converted into construction land [47], intensifying the scarcity of arable land resources [48].
(3) In terms of EU, the rapid development of the secondary and tertiary industries provides
technical and financial support for low-carbon agriculture. The improvement of technology
and labor brought about by EU drives the improvement of agricultural productivity and
promotes the transformation toward low-carbon and green agricultural production [49].
Based on the analysis above, the impact mechanism of urbanization on carbon emissions
from potato production is shown in Figure 1.
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Figure 1. Impact mechanism of urbanization on carbon emissions from potato production.

2.4. Spatial Econometric Model
2.4.1. Moran Index

Spatial characteristics are important factors that must be taken into consideration in the
study of urbanization [50]. The commonly used method for measuring spatial correlation
is the Moran index, which includes the Global Moran Index and local Moran index. The
former is used to analyze the overall spatial agglomeration, while the latter focuses on the
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spatial agglomeration in a region. This study uses the Global Moran Index to explore the
spatiotemporal characteristics of CEIPP in China. The Global Moran Index is:

GMI =
n
S0

∑n
i=1 ∑n

j=1 wi,jzizj

∑n
i=1 z2

i
; zi = (xi − x), zj =

(
xj − x

)
(13)

S0 = ∑n
i=1 ∑n

j=1 wi,j; ZI =
I − E[I]√

V[I]
(14)

E[I] = −1/(n − 1); V[I] = E
[

I2
]
− E(I)2 (15)

where wi,j is the spatial weight. The value range of the Global Moran Index is [−1, 1].
Among them, a value greater than zero indicates a positive correlation, less than zero
indicates a negative correlation, and zero indicates no correlation. A value close to 1 in-
dicates clustering of identical attributes, while that close to −1 indicates clustering of
distinct attributes.

2.4.2. Spatial Panel Model

A spatial panel model of provinces in China is constructed to explore the regional
differences in the impact of factors on CEIPP, and to further analyze its impact mechanism.
The spatial panel model is:{

Fit = a + τFi,t−1 + ρwiFit + βi∑k
j=1 Xi,j,t + δiwi∑k

j=1 Xi,j,t + ηt + µi + εit

εit = λmiεi + υit
(16)

where Xi,j,t is the influencing factor j in a module in region i, wi is row i of the spatial weight
matrix, and W is constructed to include distance weight, economic weight, and carbon
emission weight, ηt is time effect, (µi + εit) is a composite disturbance term, mi is row i
of the disturbance spatial weight matrix M. When τ ̸= 0, the equation is a spatial panel
model, and when λ = 0, it is SDM.

2.5. Selection of Control Variables and Data Sources
2.5.1. Selection of Control Variables

Besides urbanization, there are many other factors affecting carbon emissions from
food production. Some studies show that economic growth is an important factor affecting
agricultural carbon emissions by verifying the inverted U-shaped relationship between
agricultural carbon emissions and economic growth in China [37,51]. Agricultural soil and
water resources and per capita arable land are inhibitory factors of agricultural carbon emis-
sions [38]. Agricultural policies are negatively related to agricultural carbon emissions [39].
Agricultural technological progress and efficiency are considered important factors in sup-
pressing carbon emissions [40], and agricultural carbon emissions are negatively correlated
with mechanization [43]. The scale of agricultural land management has both direct and
indirect impacts on carbon emissions [44]. These studies provide important references for
the calculation of carbon emissions from potato production and the influencing factors
analysis in this study.

Production technical efficiency (PTE) is calculated by drawing on the EBM model
proposed by Tone [45], and this study takes potato planting area, direct cost, indirect cost,
and labor quantity as input indicators and potato production as the output indicator. Com-
pared with traditional DEA methods, the model advantages in relaxing the “proportional
changes in factor inputs” assumption and makes the results more realistic. Per capita
agricultural output (PCAO) is calculated by dividing the total agricultural output value by
the number of employees in the primary industry. The proportion of disaster areas (PDA) is
measured by the proportion of potato disaster-affected areas to total planting areas. Potato
industrial structure (PIS) is measured with the proportion of potato output value to the total
food output value. Agricultural openness (AO) is measured by the proportion of the total
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agricultural import and export value of each province to the added value of agriculture.
Production agglomeration levels (PAL) are used in the location entropy calculation method,
and the specific formula is PAL = (output value of potatoes of each province/total output
value of each province)/(total output value of potatoes in the country/total output value
in the country). The proportion of agricultural fiscal expenditures (AFE) is measured
with the proportion of agricultural fiscal expenditures to the total regional fiscal expendi-
ture. The proportion of environmental protection fiscal expenditure (EPFE) is measured
with the proportion of environmental protection fiscal expenditure to the total regional
fiscal expenditure.

2.5.2. Data Sources

Over 90% of the 592 national-level poverty-stricken counties in China grow potatoes,
and 192 out of 393 main potato planting counties in China are nation-level poverty-stricken
counties, which means there is a strong correlation between them, as shown in Figure 2a.
This article draws on Li et al. [52] and selects 15 regions as the main potato-producing
areas, including Hebei, Shanxi, Inner Mongolia, Liaoning, Heilongjiang, Hubei, Chongqing,
Sichuan, Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang. Potato
production in these 15 regions was 16.539 million tons in 2020, accounting for 91.97% of
the total in China, so they are highly representative. Potatoes are more profitable than
other staple grains in poor areas due to their strong adaptability and stress resistance. The
“Guiding Opinions on Promoting the Development of the Potato Industry” has developed
the potato industry into a specialty industry in Western China [53], helping poverty-
stricken households to overcome poverty. In addition, data on the cultivation of Chinese
staple grains (wheat, corn, and rice) are introduced to highlight the necessity of this study.
Heilongjiang, Jilin, Liaoning, etc., are classified as staple grain-producing areas according
to SCPRC [16]. The distribution of staple grain production in the main producing areas
is shown in Figure 2b. In a comparison of a and b in Figure 2, it can be concluded that
there are very few poverty-stricken counties in major producing areas of stable grain, while
most poverty-stricken counties are located in non-major producing areas of stable grain.
Therefore, a study of the carbon emissions from potato production in these regions is of
great significance for promoting the achievement of SDG 1, SDG 2, and SDG 12. This study
ultimately selects a sample from 2002 to 2020 to calculate TCEPP and CEIPP in 15 regions,
including Hebei, Shanxi, Inner Mongolia, etc., due to the availability of data.

Data on potato planting areas, potato production, total population, urban popula-
tion, rural population, agricultural disaster-affected areas, local fiscal expenditure, local
agricultural fiscal expenditure, and local environmental protection fiscal expenditure are
from the National Bureau of Statistics. Data on the input of potatoes are from the “Na-
tional Compilation of Agricultural Product Cost and Benefit”. Data on employment in
the primary industry, output value of the tertiary industry, GDP, built-up area, and ad-
ministrative area are from statistical yearbooks of each province. The total food output
value and potato output value come from the “China Rural Statistical Yearbook”. Data
on the import and export volumes of agricultural products are from the China Customs
database. The electricity prices for agricultural production are from the State Grid web-
site (www.sgcc.com.cn, accessed on 5 February 2023). Diesel prices come from the Wind
database. The guidance on the use of potato pesticides is from the Ministry of Agriculture
and Rural Affairs of China, and data on the price of pesticides are from Century Pesticide
Network (www.nongyao001.com, accessed on 7 February 2023). Value data, such as local
fiscal expenditure, local agricultural fiscal expenditure, and local environmental protection
fiscal expenditure, are deflated with deflators (GDP deflator, CPI deflator, agricultural
product production price index, and agricultural means of production price index), taking
2001 as the base period to obtain comparable data. The descriptive statistics of the main
variables are shown in Table A1.

www.sgcc.com.cn
www.nongyao001.com
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Figure 2. Spatial distribution of potato-producing areas, staple grain-producing areas, and national
poverty-stricken counties in China: (a) Potato production in main potato-producing areas and
distribution of national poverty-stricken counties; (b) Staple grain production in major producing
areas of stable grain and distribution of national poverty-stricken counties. Note: The base map is
sourced from the Standard Map Service System of the Ministry of Natural Resources, with the base
map review number GS (2019) 1822 [54]; the data on potato production and staple grain production
are from the National Bureau of Statistics.

3. Results and Analysis
3.1. Spatial Evolution Characteristics of Urbanization in China

Overall, China’s CU has shifted from the eastern coastal areas in 2002 to the central and
western regions in 2020, and the gap between and within regions has gradually narrowed,
as shown in Figure 3a. In 2020, China’s CU showed a decreasing trend from the eastern
coastal areas to the central and western regions. CU of the Southwest and Northwest
China are close to each other, while they significantly lag behind that of the Eastern regions.
Meanwhile, the CU of the main potato-producing area located near the Hu Huanyong Line
developed rapidly from 2002 to 2020, under the strategy of the Rise of Central China and
the Western Region Development.

The high-value areas of EU gradually gathered toward the eastern coastal areas from
2002 to 2020, as shown in Figure 3b. The average EU in the main potato-producing areas
reached a high level of 0.883 in 2020, with Sichuan and Guizhou, which have the highest
potato production, experiencing the highest EU growth. The high-value areas of PU in
China evolved from concentrated distribution in the north to belt distribution along the
coast, as shown in Figure 3c. The average PU in the main potato-producing areas reached
0.611 in 2020, and the average PU in Chongqing, Sichuan, and Guizhou, which have higher
potato production, are significantly higher than that of other provinces. The high-value
areas of LU in China evolved from the agglomeration in the eastern coastal areas to the
coordinated development of the central and eastern regions, as shown in Figure 3d. The
average LU in the main potato-producing areas in 2020 increased by 124.242% compared
with that in 2002, and the LU in Sichuan and Guizhou, which have the highest potato
production, increased by 165.574% and 249.379%, respectively. Therefore, the changes
in urbanization of the main potato-producing areas contribute to the spatial evolution of
urbanization in China.
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3.2. Spatial Evolution Characteristics of Carbon Emissions from Potato Production

TCEPP showed a V-shaped trend from 2002 to 2020, as shown in Figure 4a. In terms
of spatial distribution, the high carbon emission concentration areas shifted from the
Northeast, North China, and Southwest China in 2002 to Southwest and Northwest China
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in 2020. During the same period, the average CEIPP showed a fluctuating downward
trend, decreasing from 2672.742 kg/t in 2002 to 2550.977 kg/t in 2020. In terms of spatial
distribution, CEIPP gradually shifted from Northeast and North China to Northwest,
Southwest, and Hubei, as shown in Figure 4b. Combining the data of TCEPP and CEIPP, we
can see that the decrease in CEIPP has an effect on the slowing down of the TCEPP growth
rate. Moreover, comparison with urbanization data shows that CEIPP has significantly
decreased in provinces such as Sichuan, Hebei, and Ningxia, which are experiencing
rapid urbanization. Therefore, the development of urbanization has an impact on carbon
emissions from potato production.

TCESG showed a fluctuating decline trend from 2002 to 2020, with high-value areas
shifting from the Yangtze River and East China to North China and Heilongjiang, as shown
in Figure 4c. CEISG showed a decreasing trend from 2002 to 2020, and its high-value areas
gradually shifted from North China to the Northwest, as shown in Figure 4d. CEISG of
Hebei Province decreased the most, corresponding to its largest decrease in TCESG in
China. Therefore, it can be concluded from the spatial evolution of TCESG and CEISG in
China that the decrease in CEISG in North China and the provinces in the middle and lower
reaches of the Yellow River is the main reason for the slowing down of TCESG growth in
these regions. These regions are not the main distribution areas of poverty, but the above
analysis also provides us with some inspiration.

The average CEIPP in the main potato-producing areas decreased from 178.183 kg/t
in 2002 to 170.065 kg/t in 2020, a decrease of 4.556%, while the average CEISG in the
region decreased from 181.793 to 128.930 kg/t, a decrease of 29.079%, far exceeding CEIPP.
Compared with the decrease of CEISG, potato carbon emission has greater potential for
future reduction, especially in Central and Western China that have higher CEIPP (such as
Guizhou, Chongqing, Gansu, Shaanxi, etc.) and are the main areas of poverty. Recently,
the input of production factors has been gradually digitalized and green because of the
improvement of potato technology and the development and transformation of the industry.
Accordingly, carbon emissions from potato production will be significantly reduced in the
future, which contributes to the sustainable development of the potato industry. It can be
inferred that there is a significant potential for potato carbon emission decrease, and to
some extent, it can also have a significant impact on carbon emissions from food production,
thereby promoting sustainable and safe food production in China. Therefore, a study of
the carbon emissions from potato production in these regions is of great significance for
promoting the achievement of SDG 1, SDG 2, and SDG 12.

3.3. Analysis of the Impact of Urbanization

The spatial correlation of CEIPP is examined with spatial econometric models before
empirical analysis. This study tests the spatial correlation of CEIPP from 2002 to 2020 with
the Global Moran Index, and the results are shown in Table A2. The spatial correlation of
CEIPP is moderately significant under the adjacency matrix, and it is remarkably significant
under the distance matrix, economic matrix, and emission matrix. Therefore, this study
constructs spatial panel models of the adjacency matrix, distance matrix, economy matrix,
and emission matrix. Drawing on Elhorst and Chen [55,56], using Wald and Lratio tests
to determine the model’s suitability (SAR, SAC, SEM, SDM), and uses Hausman test to
determine whether it is fixed effects or random effects, and the test results are shown in
Table A3. A fixed effect SDM model is selected, and STATA is adopted for regression of the
influencing factors of CEIPP under the adjacency spatial matrix, distance spatial matrix,
economic spatial matrix, and carbon emission spatial matrix, respectively. The results are
shown in Tables 1 and A4. Based on the significance of spatial autoregressive coefficients of
the matrix and integrating the significance of variable parameters and Log-likelihood, the
SDM models under the carbon emission spatial matrix are finally selected to analyze the
influencing factors of CEIPP.
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Table 1. Results of factors influencing CEIPP under the economic matrix and emission matrix in SDM.

Variable Economic Matrix Emission Matrix

CU
−8.1560 ** — — — −6.6033 *** — — —

(3.8198) (1.8330)

PU — −5.6442 — — — −5.8359 *** — —
(5.8748) (2.1286)

LU — — 13.1694 — — — 15.1825 * —
(13.1261) (8.0461)

EU — — — −0.8002 *
(0.4657)

— — — −3.6589 **
(1.8157)

PTE
−1.1470 * −1.1453 * −1.1674 * −1.1718 * −0.9207 *** −0.9169 *** −0.9693 *** −0.9505 ***
(0.6980) (0.6967) (0.6792) (0.7239) (0.2837) (0.2802) (0.2872) (0.3177)

PCAO
0.0371 0.0537 0.0218 0.0361 0.0234 0.0295 0.3812 0.0227

(0.0568) (0.0679) (0.0494) (0.0395) (0.0378) (0.0260) (0.3675) (0.0277)

PDA
−0.1484 −0.1716 −0.1468 −0.1721 0.1033 0.5184 ** 0.3564 * 0.2211 **
(0.2278) (0.2351) (0.2287) (0.2310) (0.1559) (0.2411) (0.2062) (0.1057)

PIS
0.8605 0.7874 0.6376 0.6154 −0.0466 0.7075 0.7505 0.6835

(1.1080) (1.0586) (0.9317) (0.9441) (0.8951) (0.5947) (0.6101) (0.6614)

AO
−0.1275 −0.0973 −0.1792 −0.1243 −2.0896 * −1.9327 * −1.9928 * −1.7308 *
(0.3506) (0.3102) (0.3717) (0.3380) (1.2094) (1.1169) (1.2893) (1.0252)

PAL
−0.0414 0.6896 * 0.9199 * 1.0771 * 0.5125 ** 0.8757 * 0.5780 * 0.0354
(0.1233) (0.3435) (0.5178) (0.6292) (0.2498) (0.5011) (0.3320) (0.0748)

AFE
0.5585 0.6093 0.7969 0.4660 0.4578 2.7671 1.3540 1.7748

(1.5064) (1.5414) (1.5349) (1.5594) (1.1996) (1.4519) (1.0021) (2.1858)

EPFE
−2.0634 −1.4826 −1.5932 −1.7387 −1.5771 * −1.9311 * −0.8969 ** −1.7860 *
(2.3053) (2.2909) (2.3653) (2.4121) (0.9043) (1.1304) (0.4425) (1.1219)

W·CU
8.3907 ** — — — 6.8300 *** — — —
(3.8226) (1.9291)

W·PU — 5.5337 ** — — — 5.8700 *** — —
(2.7024) (2.1262)

W·LU — — — — — — −17.2351 ** —
(8.5926)

W·EU — — — — — — — 7.6009 *
(4.0343)

W·PDA — — — — — 0.4993 * 0.4216 * —
(0.3023) (0.2389)

W·PIS — — — — 0.7935 ** — — —
(0.3908)

W·AO — — — — 2.1416 * 2.0368 * 1.9961 1.5131 **
(1.2808) (1.1902) (1.4888) (0.7196)

W·PAL
−0.7445 * −0.7709 * −0.9419 * −1.092 * — — — —
(0.4145) (0.5161) (0.5362) (0.6333)

Spatial 0.1887 0.3914 ** 0.2001 0.1751 0.3822 ** 0.3849 ** 0.3683 ** 0.3634 **
R2 0.4174 0.4245 0.5055 0.4411 0.6393 0.6884 0.7108 0.6432

Log-
likelihood −152.4583 −152.4356 −152.6347 −152.8957 −141.0648 −139.8980 −136.8646 −140.6961

Note: the standard error of coefficient estimation is shown in brackets, ‘*’, ‘**’, ‘***’ represent the significance
levels of 10%, 5% and 1%, respectively; “—” represent no data.

3.3.1. Analysis of the Impact of Urbanization on CEIPP

CU has a significant negative impact on CEIPP (Table 1). Urbanization is not only
a process of agglomeration of industries and population and rapid economic and social
development but also a leader in the comprehensive green and low-carbon transformation,
as well as in innovation and promotion of green and low-carbon technologies. Southwest
and Northwest China, where the main potato-producing areas are located, are the main
spillover areas of urbanization. Green production becomes the primary choice in these
areas due to the poor production and living conditions and low environmental carrying
capacity and has gradually become the key to the transformation of economic development
mode [57]. Moreover, as an important food and economic crop in the region, potato
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production and resource utilization efficiency are easily affected by general productivity.
Therefore, the transformation into green production brought about by the improvement of
CU has a significant spillover effect on the sustainable production of potatoes.

PU has a significant negative impact on CEIPP (Table 1). A likely explanation is that
the areas with a higher degree of population agglomeration tend to be more developed
economically, and they are more active in implementing the environmental protection
system to achieve energy conservation and emission reduction [58,59]. The large-scale
transfer of rural labor to cities and the improvement of population quality have made large-
scale operations in agriculture realistic. The intensive and efficient use of agricultural capital
reduces carbon emission intensity. Qinghai, Gansu, Inner Mongolia, and Yunnan in Western
China, where the rural population accounts for a high proportion, are experiencing rapid
urbanization. According to the Yunnan Provincial Bureau of Statistics, Yunnan Province has
been promoting a new type of people-oriented urbanization since 2010, featuring steady
growth of the population and a rise in the urbanization rate. In 2020, 5.477 million of the
population have a university education (college and above), and the focus on education has
shifted to a higher level [60], which will reduce CEIPP by increasing human capital levels.

LU has the largest positive impact among all variables (Table 1). The improvement
of LU is accompanied by a decrease in agricultural land, posing greater pressure on
agricultural land use. Therefore, agricultural producers have to increase multiple cropping
and increase the input of chemical fertilizers, pesticides, and other production factors to
substitute for the decrease of land and the transfer of rural labor, causing an increase in
carbon emissions. The main potato-producing areas are located in the Northwest and
Southwest China. China’s Western Development Strategy, especially the implementation
of the Targeted Poverty Alleviation Strategy, provided these areas with a large amount
of capital, which led to rapid urbanization of land and a decrease in arable land area.
Statistics show that China invested 1.6 trillion yuan in financial special poverty alleviation
funds at all levels from 2012 to 2020. For example, Guizhou province has completed the
relocation of 1.92 million people in poor areas, accounting for nearly one-fifth of that in the
nation [61]. The relocation of poor people and poverty alleviation can improve production
mechanization, management, and intensive use of land resources in the long run, but in the
short term, the reduction of farmland and the mismatch of resources leads to an increase in
carbon emissions in potato production.

EU has a significant negative impact on CEIPP (Table 1). The main potato-producing
areas, such as Southwest and Northwest China, have low EU, and they are in the stage
of accelerated development. With the advancement of EU, the proportion of the output
of the tertiary industry in GDP increases, and the capital investment in technological
research and development increases accordingly. The technological effects spill over to
rural areas. Green, ecological and low-carbon production technologies penetrate into the
agricultural sector, and environment-friendly ecological resources replace petrochemical
products, which reduces carbon emissions. The green economy in poor areas such as
Northwest and Southwest China has developed rapidly, especially with the support of
digital technology. For example, the use of the Internet of Things Network and sensor
technology for real-time monitoring in potato production enables modern management
and precise input of production factors. This not only reduces costs and improves efficiency
but also reduces carbon emissions. The introduction of digital monitoring and an early
warning system for potato late blight helps to avoid the abuse of drugs in the prevention
and control of the disease, thus reducing environmental pollution and providing a strong
guarantee for the sustainable development of the potato industry.

3.3.2. Effect Decomposition of Urbanization on CEIPP

The results are shown in Table 2. The direct effect of CU on CEIPP is significantly
negative (−2.5818), the indirect effect is significantly positive (1.9283), and the total effect
is negative, indicating that CP reduces carbon emissions from potato production in the
region but not in adjacent regions. Generally, however, it inhibits carbon emissions from
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potato production. The direct effect of PU on CEIPP is significantly negative (−2.9479), the
indirect effect is significantly positive (1.0661), and the total effect is negative, indicating
that agglomeration of population to cities enhances large-scale, mechanized, information
and green production in agriculture, which reduces CEIPP. However, the siphon effect
of large cities in adjacent regions hinders PU, leading to the opposite effect. Both the
direct and indirect effects of LU on CEIPP are positive, but the estimates did not pass the
significance test, reflecting that current LU in the main potato-producing areas could not
effectively reduce CEIPP. This is because the reduction of agricultural land results in an
increase in the substitution of agricultural inputs, excessively intensive use of agricultural
land and other negative effects, thus hindering the decline of CEIPP. The direct effect of
EU on CEIPP is significantly negative (−1.0210), the indirect effect is significantly positive
(1.9355), and the total effect is positive, indicating that the improvement of EU reduces
CEIPP in the region but not in adjacent regions. It also reflects that the impact of EU on
CEIPP in adjacent regions is higher than that in the locality.

Table 2. Effect decomposition of factors influencing CEIPP under emission matrix.

Variable Direct Effect Indirect Effect

CU
−2.5818 *** — — — 1.9283 *** — — —

(0.8126) (0.3949)

PU — −2.9479 ** — — — 1.0661 *** — —
(1.3979) (0.2444)

LU — — 11.8540 — — — 6.2697 —
(14.596) (1.6931)

EU — — — −1.0210 * — — — 1.9355 ***
(0.5693) (0.4396)

PTE
−1.4241 *** −1.3767 * −1.5022 *** −1.3159 ** −0.1831 *** −0.10066 ** −0.1093 * −0.1391 *

(0.2446) (0.8057) (0.3391) (0.5916) (0.0617) (0.0493) (0.0601) (0.0789)

PCAO
0.0416 0.3329 0.0148 −0.0202 −0.5026 −0.4472 −0.9271 * −1.0613 *

(0.0622) (0.2940) (0.3764) (1.0466) (0.4065) (0.3056) (0.4396) (0.5648)

PDA
0.6428 ** 0.8406 * 1.1784 1.0901 −0.5059 0.5060 0.5833 0.6810
(0.2964) (0.4830) (0.8165) (0.8064) (0.3608) (0.3270) (0.6650) (0.9707)

PIS
0.9436 * 0.9043 * 1.0157 ** 0.5865 * −0.8151 ** −0.6136 ** −0.8382 * −0.3237 ***
(0.5173) (0.5248) (0.4898) (0.3372) (0.4019) (0.2875) (0.4846) (0.1031)

AO
−0.5109 * 0.1387 −0.2427 −0.0819 0.4952 ** 0.2250 0.1208 0.1926
(0.3471) (0.7181) (1.1515) (1.3026) (0.2434) (0.5786) (2.0381) (0.3761)

PAL
−0.3066 ** −0.2403 *** −0.1716 ** −0.1422 0.2034 ** 0.2284 0.1513 0.1074

(0.1482) (0.0815) (0.0796) (0.1306) (0.1091) (0.2691) (0.1603) (0.1311)

AFE
0.4392 0.4487 1.1734 1.1450 −0.4076 * −0.4266 ** −1.0927 *** −1.072 ***

(0.9169) (0.6793) (1.4399) (1.6786) (0.2343) (0.1924) (0.2813) (0.2267)

EPFE
−2.3667 −1.6259 −1.1818 −2.0335 −0.9513 *** −0.7314 *** −1.8510 *** −1.6598 ***
(2.4673) (2.2444) (1.5935) (2.1941) (0.2887) (0.2376) (0.1984) (0.1250)

Note: the standard error of coefficient estimation is shown in brackets; ‘*’, ‘**’, and ‘***’ represent the significance
levels of 10%, 5% and 1%, respectively; “—” represents no data.

This study uses the estimation results of the impact of urbanization on CEISG in
the study area for comparison. The decomposition of the effect is shown in Table 3. The
estimates of the direct effect (−0.1221) and indirect effect (0.1169) of urbanization on the
CEISG did not pass the significance test, indicating that the improvement of urbanization
in the main potato-producing areas in this study has no significant impact on CEISG.
In addition, in terms of the significance of the estimated values of each variable, the
direct effect (−0.1102) and the total effect (−0.0863) of technical efficiency on CEISG are
significantly negative, indicating that the improvement of technical efficiency can reduce
CEISG. The direct effect of the proportion of disaster-affected areas on CEISG is significantly
positive (0.0244), indicating that a larger affected area means higher CEISG. The direct effect
(−0.1250) and total effect (−0.0690) of agricultural openness on the CEISG are significantly
negative, reflecting that higher agricultural openness means more awareness of green
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production, which helps to lower CEISG. Urbanization has a more significant impact on
CEIPP, compared with the decomposition of effect on CEIPP. Urbanization in poor areas
has a greater impact on the sustainable development of specialty food in these areas and is
of great significance for the achievement of SDG 1, SDG 2, and SDG 12 in these areas.

Table 3. Effect decomposition of factors influencing CEISG under emission matrix.

Variable Direct Effect Indirect Effect Total Effect

CU −0.1221 (1.5377) 0.1169 (1.3704) −0.0051 (0.6802)
PTE −0.1102 (0.0585) * 0.0239 (0.4806) −0.0863 (0.0464) *

PCAO 0.0264 (0.5814) −0.0410 (0.5286) −0.0146 (0.4648)
PDA 0.0244 (0.0103) *** −0.0152 (0.1449) 0.0111 (0.2332)
PIS −0.1935 (0.8113) 0.1236 (0.9328) −0.0699 (1.0954)
AO −0.1250 (0.0294) *** 0.0560 (0.0417) −0.0690 (0.0310) ***
PAL 0.0130 (0.7409) 0.0125 (0.6805) 0.0255 (0.4413)
AFE −0.2414 (1.6306) 0.1367 (1.5129) −0.1046 (0.8954)
EPFE 0.1103 (2.6425) −0.2973 (2.5579) −0.1869 (2.3567)

Note: the standard error of coefficient estimation is shown in brackets, ‘*’ and ‘***’ represent the significance levels
of 10%, 5% and 1%, respectively.

4. Discussion

Based on the empirical analysis, the study found that urbanization can generally
reduce the carbon emission of potato production and promote its sustainable development.
Obviously, this is different from the traditional view that urbanization has a negative im-
pact on food security and the ecological environment [20,62–64]. Scholars have gradually
realized that urbanization has a positive impact on food security in middle-income or
developing countries [21,65,66]. Urbanization has led to the release of rural land and a
decrease in rural population, as well as a reduction in fragmentation of arable land, thereby
promoting economies of scale and environmental protection [66,67]. Urbanization has pro-
moted the development of agricultural mechanization and water-saving technology, solved
the impact of labor shortage, reduced the water footprint, and promoted the sustainable
development of food production. This is consistent with the conclusion of this study, which
is that the rapid urbanization process in impoverished areas of China has led to a decrease
in the carbon emission intensity of potato production and favored promoting green and
sustainable development. We will further explore the impact of urbanization on carbon
emissions from potatoes and staple crops based on China’s actual situation and propose
policy suggestions to promote sustainable development of the potato industry.

Firstly, analyses of the factors influencing CEIPP show that urbanization-related vari-
ables (CU, PU, LU and EU) have the largest coefficient and the most remarkable impact.
The rapid development of urbanization leads to a decrease in agricultural population,
so the large-scale operation of potatoes has become a trend [25,65], and mechanization,
greening, informatization, and service socialization have become important choices. The
modernization of potato production also means a reduction in CEIPP. Therefore, it can be
concluded that urbanization is the key factor affecting CEIPP. Consequently, it is necessary
to promote new urbanization to achieve emission reduction and efficiency increase in
potato production. The main potato-producing areas in China are located in the Southwest
and Northwest with poor agricultural resource endowment and fragile ecological environ-
ment. It is urgent to promote sustainable urban development and thereby drive emission
reduction and efficiency increase in potato production. Meanwhile, advantageous produc-
tion areas and leading enterprises are encouraged to jointly promote potato-characterized
urbanization [68].

Secondly, according to the influencing factors of CEIPP and decomposition of the
effects, CU, PU and EU have significant negative impacts on CEIPP, and the direct effects are
also significantly negative, reflecting that the improvement of CU, PU, and EU can reduce
CEIPP. Therefore, in order to reduce CEIPP and promote its sustainable development, it is
necessary to improve PU and EU, and improve the quality and level of CU. On the one hand,
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the role of technology and financial development in the process of economic urbanization
should be strengthened. It is necessary to improve the agricultural technology innovation
service system and invest more in green technologies and financial capital in the modern
production of potatoes. On the other hand, it is essential to fully leverage the spillover effect
of population urbanization on agricultural carbon emissions reduction [69] and improve the
supporting mechanism for urban and rural education. In potato advantageous production
areas, it is necessary to increase the scale of human capital accumulation, improve the
quality of human capital [70,71], and optimize the spatial layout of human capital to
promote balanced regional development.

Thirdly, according to the influencing factors of CEIPP and the decomposition of the
effect, LU has a significant positive impact on CEIPP, and the direct and indirect effects
are both positive, indicating that the improvement of LU increases CEIPP. Therefore, it
is necessary to enhance the efficiency of land use in the process of land urbanization
and, to a certain extent, avoid disorderly expansion of land urbanization [72,73]. Based
on the economic conditions of potato advantageous production areas, reasonable urban-
ization policies can be formulated to improve land use efficiency, manage agricultural
land effectively, and improve the compensation mechanism for land acquisition [74]. It
is important to leverage the comparative advantages of potato production regions based
on their resource endowment, transform potato production methods through spillover
effects of technology, improve land use efficiency [75], avoid excessive land occupation
by agricultural production, and ultimately achieve quality and efficiency improvement in
potato production.

Finally, the decomposition of the effect of urbanization on CEIPP and CEISG in poor
areas shows that the improvement of CU helps to reduce CEIPP, but its impact on CEISG
is not significant, indicating the different impact of urbanization on CEIPP and CEISG.
Besides, existing studies show that potato planting has obvious advantages over the other
three staple foods in terms of income and cost-profit ratio [76]. Therefore, the promotion
of the potato industry in poor areas in the process of urbanization will not only help
to improve farmers’ income but also help to reduce the intensity of agricultural carbon
emissions and promote the green and sustainable production of specialty food. It has
become an important way to achieve SDG 1, SDG 2, and SDG 12 in these areas [77,78].

5. Conclusions and Limitations
5.1. Conclusions

The rapid urbanization process has gradually deepened its role in the sustainable
development of agriculture, especially in the sustainable supply of food in poor areas.
However, the impact mechanism of different dimensions of urbanization on food sus-
tainability in poor areas has not yet been fully unpacked. Therefore, this study focuses
on the specialty food potatoes mainly grown in poor areas of China, explores the impact
mechanism of urbanization on the carbon emission intensity of potato production (CEIPP)
with the spatial Durbin model, and compares with the carbon emission intensity of staple
grain (CEISG) results. This study matched the distribution of main potato-producing
areas with national-level poverty-stricken counties in China and contrasted with the main
staple grain-producing areas to determine the research area. Then, an improved carbon
emission model for potato production and a multi-dimensional urbanization framework
of “economy-population-land” were used to calculate CEIPP and the urbanization levels,
respectively. The mechanism of the impact of urbanization on CEIPP was explored with
the spatial Durbin model (SDM), which was compared with CEISG results. The main
conclusions are as follows:

Urbanization of main potato-producing areas developed rapidly from 2002 to 2020,
which is in line with the decrease of CEIPP. The decrease in CEIPP has a significant im-
pact on slowing down the growth of total carbon emissions and has greater potential for
reduction, especially in Central and Western China, which has a large poverty-stricken
population. This is of great significance in promoting the realization of SDG 1, SDG 2,
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and SDG 12. Compared with traditional staple grain, urbanization has become a key
factor influencing CEIPP. The results indicate that different dimensions of urbanization
can explain the impact of urbanization on the sustainable production of regional specialty
food in China to varying degrees. The improvement of comprehensive urbanization, popu-
lation urbanization, and economic urbanization reduces CEIPP, while land urbanization
increases CEIPP. Therefore, to reduce CEIPP and promote its sustainable development,
it is necessary to improve population urbanization and economic urbanization, properly
avoid the disorderly expansion of land urbanization, and improve the quality and level of
comprehensive urbanization. The study is also expected to provide empirical references for
other middle-income or developing countries and ultimately contribute to achieving global
food security and sustainable development.

5.2. Contributions and Limitations

This paper has made some contributions to the study of the relationship between
urbanization and sustainable food production, especially in poor areas. Firstly, this pa-
per constructs a theoretical analysis framework of the multi-dimensional urbanization
(economy-population-land) impact mechanism on sustainable food development, deeply
explores the relationship between urbanization and sustainable food production, inspires
divergent thinking on the impact mechanism of various types of urbanization on sustain-
able food production, and enriched the understanding of factors affecting sustainable food
security. Secondly, compared with existing research, this paper mainly focuses on the ur-
banization process and the sustainable production of regional specialty foods in poor areas.
Taking potato production, the regional specialty food in poor areas of Central and Western
China, as an example, this study explores the impact mechanism of multi-dimensional
urbanization in poor areas on the carbon emission intensity of potato production. This
study provides a new perspective on enhancing the ability of urban development in poor
areas to cope with climate change and exploring low-carbon agricultural production and
sustainable nutrition improvement.

It is undeniable that this paper may have some limitations. Firstly, this paper lacks the
latest data support. Thus, future research interests should focus on collecting the latest data
and substituting the new data into empirical models for analysis to verify the robustness
of this study. Secondly, we only selected potatoes, the most representative specialty food
in poor areas of Central and Western China, as the research object. However, there are
also some other specialty foods in these poor areas, such as barley and millet, which are
also important entities affecting regional food security and nutrition improvement and
are also affected by rapid urbanization. In future research, the scope of study on regional
specialty foods can be expanded to supplement the research on the impact of urbanization
on sustainable food security in poor areas. Thirdly, Chinese-style urbanization integrates
the synchronous development of industrialization and modernization, and the urbanization
process in poor areas selected in this paper is closely related to the Western Development
Strategy implemented by the Chinese government; meanwhile, the Chinese government
has been promoting potatoes as the staple food since 2014, and currently, potatoes have
become a star brand of industrial poverty alleviation projects in many poor areas. Therefore,
the conclusions of this study might be less representative of other nations’ agricultural
efforts. In the future, research perspectives should be expanded to a global scale, and the
impact of urbanization on sustainable food security in different regions or groups should
be discussed.
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Appendix A

Table A1. Descriptive statistics of variables.

Variable Symbol Units Mean Max Min Std. Dev.

Total carbon emissions from potato
production TCEPP kt 74.2601 830.0787 0 109.5726

Carbon emission intensity of potato
production CEIPP kg/t 151.1928 430.9275 46.7676 66.4279

Total carbon emissions of staple grain TCESG kt 227.0389 659.1663 4.8246 170.9339
Carbon emission intensity of staple grain CEISG kg/t 141.7795 288.8373 41.4387 44.3048

Per capita agricultural output value PCAO 104 CNY/Person 1.5656 7.5170 0.1642 1.2313
Comprehensive urbanization CU — 0.4062 1.0000 0.0912 0.1998

Economy urbanization EU — 0.5033 0.9415 0.1308 0.1710
Population urbanization PU — 0.0174 0.1952 0.0001 0.0305

Land urbanization LU — 0.8851 0.9973 0.6533 0.0615
Production technical efficiency PTE — 0.8553 1.5090 0.0000 0.3068

Proportion of disaster areas PDA — 0.2601 0.6918 0.0212 0.1511
Potato industrial structure PIS — 0.5606 0.7400 0.3390 0.0906

Agricultural openness AO — 0.0742 0.5270 0.0000 0.1038
Production agglomeration levels PAL — 1.3922 4.2328 0.6070 0.6033
Proportion of agricultural fiscal

expenditures AFE
—

0.1154 0.2038 0.0295 0.0333—
Proportion of environmental protection

fiscal expenditure EPFE — 0.0253 0.0673 0.0000 0.0176

Note: “—” represents no data.

Table A2. Global Moran index of CEIPP.

Year Adjacency Matrix Distance Matrix Economic Matrix Emission Matrix

2002 0.175 (0.174) * 0.932 (0.331) *** 0.909 (0.325) *** 0.821 (0.324) ***
2003 0.070 (0.175) 0.945 (0.334)*** 0.905 (0.328) *** 0.845 (0.326) ***
2004 0.160 (0.159) * 0.893 (0.300) *** 0.831 (0.295) *** 0.796 (0.293) ***
2005 0.241 (0.169) ** 0.968 (0.321) *** 0.951 (0.315) *** 0.935 (0.314) ***
2006 0.364 (0.182) *** 0.956 (0.348) *** 0.935 (0.342) *** 0.935 (0.341) ***
2007 0.121 (0.176) 0.969 (0.336) *** 0.964 (0.330) *** 0.934 (0.328) ***
2008 0.036 (0.157) 0.979 (0.296) *** 0.969 (0.291) *** 0.961 (0.289) ***
2009 0.016 (0.172) 0.967 (0.326) *** 0.942 (0.321) *** 0.941 (0.319) ***
2010 −0.004 (0.160) 0.903 (0.302) *** 0.848 (0.297) *** 0.875 (0.296) ***
2011 −0.149 (0.148) 0.980 (0.278) *** 0.965 (0.273) *** 0.963 (0.272) ***
2012 0.207 (0.167) ** 0.969 (0.317) *** 0.954 (0.312) *** 0.947 (0.311) ***
2013 0.233 (0.176) ** 0.969 (0.336) *** 0.946 (0.330) *** 0.947 (0.329) ***
2014 −0.102 (0.134) 0.989 (0.247) *** 0.983 (0.243) *** 0.980 (0.242) ***
2015 −0.164 (0.169) 0.959 (0.321) *** 0.945 (0.316) *** 0.932 (0.315) ***
2016 −0.070 (0.166) 0.947 (0.315) *** 0.940 (0.310) *** 0.921 (0.309) ***
2017 0.042 (0.169) 0.942 (0.321) *** 0.956 (0.315) *** 0.950 (0.314) ***
2018 0.150 (0.154) * 0.978 (0.290) *** 0.988 (0.285) *** 0.983 (0.284) ***
2019 0.149 (0.162) * 0.972 (0.306) *** 0.972 (0.301) *** 0.969 (0.299) ***
2020 0.099 (0.175) 0.953 (0.333) *** 0.961 (0.328) *** 0.966 (0.326) ***

Note: the standard error of coefficient estimation is shown in brackets; ‘*’, ‘**’, and ‘***’ represent the significance
levels of 10%, 5% and 1%, respectively; “—” represents no data.
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Table A3. Wald, LR, and Hausman test results of model selection.

Adjacency Matrix Distance Matrix Economic Matrix Emission Matrix

Statistic p Statistic p Statistic p Statistic p

Wald-SDM-SLM 252.224 0.000 240.983 0.000 322.596 0.000 368.452 0.000
Wald-SDM-SEM 293.709 0.000 280.079 0.000 390.363 0.000 435.649 0.000

LR-SDM-SLM 95.079 0.000 98.446 0.000 118.646 0.000 164.095 0.000
LR-SDM-SEM 122.284 0.000 125.162 0.000 150.031 0.000 200.041 0.000

Hausman 53.226 0.000 59.315 0.000 86.337 0.000 97.121 0.000

Table A4. Results of factors influencing CEIPP under adjacency matrix and distance matrix in SDM.

Variable Adjacency Matrix Distance Matrix

CU
−0.3290 — — — −11.3582 * — — —
(0.8262) (6.1638)

PU — −1.1750 ** — — — −7.2467 — —
(0.4739) (8.6210)

LU — — −4.9682 — — — 14.0057 —
(4.7371) (12.7668)

EU — — — 0.8243 — — — 15.3329
(1.0016) (45.6396)

PTE
−1.4298 *** −1.3608 *** −1.5201 *** −1.4745 *** −1.0710 −1.0851 *** −1.1611 ** −1.5269 ***

(0.1920) (0.2036) (0.1705) (0.1881) (0.7859) (0.4119) (0.6683) (0.4159)

PCAO
0.0178 −0.0867 * −0.0680 * −0.1200 ** 0.0325 0.0502 0.0172 0.1158 **

(0.0577) (0.0481) (0.0398) (0.0595) (0.0513) (0.0612) (0.0475) (0.0576)

PDA
0.0561 −0.1333 0.1416 0.0795 −0.1445 −0.1622 −0.1477 0.3960

(0.2788) (0.2104) (0.2554) (0.2501) (0.2271) (0.2389) (1.2721) (1.1855)

PIS
0.4631 0.7441 0.2547 0.1366 0.8267 0.7826 ** 0.8984 ** −8.0887

(0.7384) (0.6364) (0.5476) (0.7431) (0.9920) (0.3922) (0.4282) (5.1992)

AO
−0.0523 0.0868 −0.2470 −0.1578 −0.0811 −0.0502 −4.1114 −1.8751 *
(0.3766) (0.3337) (0.3929) (0.2717) (0.3116) (0.2792) (5.2539) (1.0826)

PAL
0.0458 0.1316 0.2070 * 0.2631 ** −0.0287 0.9335 0.0179 3.6272

(0.1261) (0.1041) (0.1176) (0.1239) (0.1120) (0.8417) (0.0746) (4.6921)

AFE
−0.3456 0.2441 0.8377 0.0625 0.5004 0.5016 0.6734 −2.6097
(1.5895) (1.2199) (1.5512) (1.3506) (1.4122) (1.4370) (1.5680) (9.5515)

EPFE
−1.5566 −1.0224 2.3035 2.5033 −1.6838 −1.3391 −1.7402 3.0220
(2.1128) (2.2679) (3.2289) (2.7901) (2.2124) (2.2168) (2.5643) (5.0685)

W·CU — — — — 11.6368 *
(6.2993)

W·PU — — — — — 7.1821 — —
(6.4663)

W·LU — — 2.4569 *** — — — — —
(0.3821)

W·EU — — — — — — — −11.3238
(7.8992)

W·PCAO — 0.2654 ** — — — — — —
(0.1220)

W·PDA
−0.9169 ** — −0.7677 −0.7739 * — — −0.3063 **** —

(0.3908) (0.4064) (0.4283) (0.1392)

W·PIS
3.0743 ** 3.9243 * — 3.2303 * — — — 9.7015 ***
(1.5041) (2.1423) (1.9399) (4.2911)

W·AO
−0.4033 ** 3.7553 ** — 3.4167 ** — — 4.1666 —

(0.1969) (1.8099) (1.7217) (5.3817)

W·PAL — −0.4549 * −0.3569 * −0.5893 ** — −1.0038 — −3.6665 *
(0.2992) (0.2083) (0.2997) (0.8649) (2.2663)

W·EPFE — — −5.9141 * −6.0740 ** — — — —
(3.2737) (2.6441)

Spatial −0.0270 −0.0223 −0.0261 −0.0213 0.2526 0.2407 0.2111 0.2037
R2 0.4772 0.6162 0.7682 0.7008 0.3308 0.4081 0.4370 0.3883

Log-
likelihood −147.3083 −141.9783 −142.6348 −141.2104 −152.3276 −152.6529 −152.9239 −153.6696

Note: the standard error of coefficient estimation is shown in brackets; ‘*’, ‘**’, and ‘***’ represent the significance
levels of 10%, 5% and 1%, respectively; “—” represents no data.
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