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Introduction: The grain supply-demand balance is a long-standing concern

for many countries and is essential to guaranteeing social stability, maintaining

economic development and ensuring national grain security.

Methods: Based on the data of 65 countries along the “Belt and Road” (B&R)

from 1993 to 2021, this paper analyzed the spatiotemporal evolution, the

matching relationship, regional grain security situation and driving factors of

grain supply-demand by measuring and classifying the grain self-su�ciency rate

using methods such as geostatistical analysis and the GTWR model.

Results: The results indicated the following: (1) The B&R region was still at

the primary stage of “food-based and feed-supplemented”. Grain supply and

demand in the B&R region showed a steady upward trend, with grain yield

contributing more to grain supply than sown area. (2) Overall, the B&R region

has been largely self-su�cient since 2007, with grain supply meeting demand,

but the level of grain self-su�ciency varied considerably between countries. (3)

More than 58% of the countries were in grain insecurity, concentrated in West

Asia-Middle East and South-East Asia. The gravity center of both grain supply

and demand was near East Asia. (4) In terms of matching supply-demand, most

countries fell into the category of high supply-high demand and low supply-

low demand, with basically the same level of grain supply and demand. (5) Grain

yield had the largest positive impact on grain supply-demand, GDP had the

largest negative impact, and temperature change and precipitation change had

a relatively small e�ect. The e�ects of fertilizer use, grain yield, and GDP on grain

supply-demand fluctuated greatly over time.

Discussion: These findings can provide a scientific basis for the country to

formulate policies for a sustainable grain supply-demand system.

KEYWORDS

grain supply-demand, grain security, grain production andconsumption, driving factors,

the “Belt and Road”

1 Introduction

The United Nations 2030 Agenda for Sustainable Development Goals (SDGs), as

a comprehensive global agenda (Sharma et al., 2024), emphasizes the eradication of

hunger, the improvement of nutrition and the promotion of sustainable agriculture to

achieve grain security (Opoku et al., 2024; Vishnoi and Goel, 2024). Grain security has
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TABLE 4 Comparison of regression results of GTWR, OLS and GWR

models.

Model GTWR GWR OLS

R2 0.8272 0.7805 0.1644

AICc 671.69 682.79 1,075.94

FIGURE 8

Temporal changes in the impact of di�erent indicators on grain

supply-demand.

GDP had the largest negative impact on grain supply-demand,

with more significant spatial differences in the magnitude of

the impact (Figure 9A). Overall, the factor coefficients were

predominantly positive in 1997 and before, and predominantly

negative overall after 1997. Since 1993–2021, there has been a

relative increase in the number of countries negatively affected

by GDP and a relative decrease in the number of countries

positively affected by GDP. In particular, countries in Central Asia

showed a larger change in the influence degree of GDP, while

countries in other regions showed a smaller change. The countries

most negatively affected by GDP are Ukraine and Türkiye, with

regression coefficients <-3.8796. The countries positively affected

by GDP were concentrated in Central Asia, South Asia and

Southeast Asia, such as Kazakhstan, India and Myanmar.

The extent of PGDP’s impact on grain supply-demand was

second only to GDP, with a predominantly negative effect

(Figure 9B). Since 1993–2021, there has been a relative increase

in the number of countries positively affected by PGDP and a

relative decrease in the number of countries negatively affected

by PGDP. Among them, countries in Central Eastern Europe

showed more drastic changes in the influence degree of the factor.

In contrast, countries in other regions showed more moderate

changes. Countries negatively affected by PGDP were concentrated

in West Asia-Middle East, Central Eastern Europe and South

Asia. Russian Federation, Myanmar, Thailand and Laos were the

most negatively affected countries. The countries most affected

by the positive impact of PGDP are mainly China, Mongolia

and Kyrgyzstan.

Urbanization had a predominantly negative impact on grain

supply-demand, with a lower degree of influence than other

negatively affected factors. Since 1993–2021, the number of

countries where urbanization had a positive impact on grain

supply-demand is increasing (Figure 9C). Countries positively

affected by urbanization were concentrated in the West Asia-

Middle East, Central Eastern Europe, and South Asia, with

the larger positively affected countries concentrated in Central

Eastern Europe, such as Ukraine and Romania, with regression

coefficients >0.3672. Countries negatively affected by urbanization

were focused on East Asia, Central Asia, and Southeast Asia, with

China, Myanmar and Thailand, being more negatively affected, and

the regression coefficients are <-0.3575 in some years.

Secondly, the factors that mainly had a positive impact on grain

supply-demand were, in descending order of the influence degree,

grain yield, sown area, fertilizer use, and water resource.

Grain yield had the largest positive effect on grain supply-

demand, with more significant spatial differences in the magnitude

of the effect (Figure 10A). From 1993 to 2021, the change in the

influence degree of the factor has been relatively flat, except for

countries in Central Asia, which have experienced a large change.

The countries more positively affected by grain yield were mainly

located in Central Eastern Europe, such as the Czech Republic and

Slovakia, with regression coefficients>9.8219. Only a few countries

were negatively affected by grain yield in some years, such as in

Central and Southeast Asia, for example, Kazakhstan, Myanmar

and Laos.

The overall effect of sown area on grain supply-demand was

predominantly positive, with the positive effect second only to grain

yield (Figure 10B). From 1993 to 2021, only a few countries such

as Russian Federation, Pakistan and Oman have been negatively

affected by sown area in some years. Except for Russian Federation,

where the influence degree of the factor varied considerably, the

influence degree of countries in the other regions varied little.

The countries more positively affected by the sown area were

concentrated in the West Asia-Middle East such as Türkiye, Egypt

and Kazakhstan, with regression coefficients >2.2543.

Fertilizer use mainly positively impacted grain supply-demand,

second only to the sown area, with more significant spatial

differences in the impact degree (Figure 10C). Overall, the factor

coefficients were predominantly negative in 1997 and before,

and predominantly positive overall after 1997. Since 1993–2021,

countries positively affected by fertilizer use have been concentrated

in Central Eastern Europe and parts of the West Asia-Middle

East, such as Ukraine, Romania and Egypt. Among them, the

number of countries positively affected in Central Eastern Europe

has gradually increased. The countries negatively affected by

fertilizer use were primarily located in Central Asia, East Asia and

Southeast Asia.

The overall impact of water resource on grain supply-demand

was predominantly positive, with a lower influence degree relative

to other positively influencing factors (Figure 10D). After 1997,

the extent to which the countries along the B&R were affected by

this factor stabilized and changed relatively little. The countries

positively affected by water resource were concentrated in West

Asia-Middle East, Central Asia and Central Eastern Europe, with

Saudi Arabia, Türkiye and Yemen being the main countries

most positively affected, with a positive coefficient of >1.2075.
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FIGURE 9

Spatial distribution of GTWR regression coe�cients for GDP (A), PGDP (B) and urbanization (C) in 1993–2021 (a–h) and the number of countries with

di�erent coe�cients (i).

Fewer countries were negatively affected by water resource,

and the negative effect was small, with a negative regression

coefficient >-0.4449. These countries were concentrated in East

Asia, South Asia and Southeast Asia, such as China, Mongolia,

India and Myanmar.

Lastly, two factors, temperature change and precipitation

change, had a relatively small impact on grain supply-demand.

Temperature change had the least impact on grain supply-

demand, with regression coefficients ranging from −0.1808 to

0.1979, respectively, and showing an overall positive impact

(Figure 11A). Countries with relatively significant positive impacts

of temperature change include Romania, Ukraine and Kazakhstan.

Only a few countries showed a negative impact in some years, such

as Russian Federation, India, and countries in West Asia-Middle

East, such as Egypt, Türkiye and Saudi Arabia.

Precipitation change affected grain supply-demand to a slightly

greater extent than temperature change, but also to a relatively

lesser extent, affecting regression coefficients in the range of

−0.5315 to 0.3365 (Figure 11B). There has been little overall change

in the extent to which countries along the B&R were affected by

precipitation change since 1993–2021. Positively affected countries

were concentrated in South Asia, Southeast Asia and East Asia.

In contrast, negatively affected countries were primarily located in

West Asia-Middle East and Central Eastern Europe.

4 Discussion and conclusion

4.1 Discussion

4.1.1 Spatiotemporal patterns of grain
supply-demand and the state of grain security

The B&R region has shown a significant increase in total

grain production, with grain yield contributing more to total

production than sown area. Losses in the process of grain

consumption and the use of seeds showed a downward trend.

This is due to the optimization of agricultural structure and

the ongoing advancements of agricultural technology, which have

correspondingly enhanced agricultural production efficiency. At

present, the B&R region is still in the primary stage of grain

demand, which was based on “food-based and feed-supplemented,”

and grain consumption accounts for a large proportion of the global

consumption, but the average grain consumption level was lower

than that of the world, which was in line with the findings of Zhang

C. et al. (2021). This reflected the overall low level of economic

development in the B&R region, posing greater challenges for grain

security and nutritional diversity. However, the B&R region was

crucial to the global supply-demand balance and had a significant

part in the flow of trade in the global grain market and the stable

maintenance of grain security.With further economic development
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FIGURE 10

Spatial distribution of GTWR regression coe�cients for grain yield (A), sown area (B), fertilizer use (C) and water resource (D) in 1993–2021 (a–h) and

the number of countries with di�erent coe�cients (i).

FIGURE 11

Spatial distribution of GTWR regression coe�cients for temperature change (A) and precipitation change (B) in 1993–2021 (a–h) and the number of

countries with di�erent coe�cients (i).

and rising income levels, grain demand will gradually shift toward

diversification and high quality.

The gravity center of grain supply-demand was concentrated

in East Asia. This is because China, as one of the countries in East

Asia, is the most populous in the world (Fei et al., 2023) and has

a large area of land suitable for growing grain crops. As a result,

this makes China’s grain supply and demand in the B&R region

relatively large, both at about 35%. Moreover, the reason for the

contraction in both the standard deviation ellipse space size of grain

supply and demand is that, with the upgrading of economic levels

and the exchange of agricultural trade and cooperation among the

countries along the B&R (Alhussam et al., 2023), the differences in
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grain supply and demand among these countries have decreased.

In particular, there has been a greater contraction in grain demand

relative to grain supply. This is due to the fact that the natural

conditions for grain production are more constrained, and the

basic natural conditions for grain production still vary significantly

between countries. However, with globalization, the improvement

in economic performance across these countries has led to a further

reduction in the differences in grain demand.

Since 1993–2021, the grain supply and demand levels in

most countries along the B&R have remained largely consistent.

However, different grain supply-demand types of countries face

different grain security problems, and therefore different types of

countries should adopt appropriate targeted policies. High supply-

high demand countries should build resilient and diversified

grain supply chains and continue to strengthen agricultural

technological innovations to lead other countries to increase their

grain production capacity. Countries with low supply-low demand

should seek more international assistance and cooperation to

strengthen agricultural infrastructure. Countries with high supply-

low demand should expand their agricultural export markets

and focus on sustainable grain production. Countries with low

supply-high demand should invest more in agricultural technology,

diversify their sources of grain imports, promote the diversification

of their populations’ diets and reduce their dependence on

grain imports.

In terms of changes in the grain supply-demand gap in the

B&R region, in 2008 and beyond, the grain security situation has

been evolving in a more sustainable direction, and grain supply

gradually meeting demand. Grain supply-demand changes are

closely linked to social environment and policy developments. In

2003, the grain supply-demand gap reached its largest negative

value. This may have been due to the heatwave in Europe in 2003

(Velde et al., 2010), which significantly reduced grain supply in

Central Eastern European countries such as Ukraine, Romania,

and Hungary. Additionally, economic growth and population

increases led to higher grain demand, resulting in a supply-demand

imbalance. In 2014, the grain supply-demand gap reached its largest

positive value. This was due to a significant increase in grain-

surplus countries, with 71% of countries, such as China, Russian

Federation, and Romania, experiencing an increase in grain supply.

The overall grain security situation in the B&R region was poor,

with more than 58% of the countries being grain insecurity and

grain-deficit, which were concentrated in Southeast Asia near the

equator, as well as in West Asia-Middle East. The environment

for growing grain in this type of country was relatively poor and

is not suitable for growing grain crops. Grain-insecurity countries

should strengthen trade cooperation with other countries along

the B&R that have more surplus grain to meet their grain needs

through grain imports and should also strengthen agricultural

technology innovation. Around 30% of the countries in the B&R

region were grain secure. According to the regional cooperation

and win-win situation proposed by the “Belt and Road” Initiative,

grain-security countries can appropriately provide emergency grain

aid to surrounding grain-deficit countries, support agricultural

technology, which will not only help grain-deficit countries to

alleviate short-term grain crises, but also promote long-term

agricultural development and regional grain security.

4.1.2 Drivers of grain supply-demand
Grain supply-demand was mainly negatively affected by PGDP.

This is due to rapid economic development, industrial and

technological transformation, reduced agricultural investment, all

of which have led to a decrease in grain supply. At the same time,

with economic growth and people’s standard of living improving,

the purchasing power of grain rises, and the demand for grain

increases, leading to a decrease in the ratio of grain supply

to demand. Fertilizer use had a predominantly positive effect on

grain supply-demand, suggesting that fertilizer use increases grain

yield, which leads to an increase in grain supply. One study showed

that global fertilizer usage per hectare increased from 60 kg in

1960 to 110 kg in 2002, contributing to increased grain production

(Khan et al., 2009). However, a few countries were negatively

affected by fertilizer use, and these countries were concentrated

in Central Asia. The main reason is that high fertilizer use has

caused soil pollution and soil quality degradation (He et al., 2022),

leading to a decrease in grain productivity and grain supply,

resulting in a decrease in the supply-demand ratio. Therefore,

such countries should strengthen technological innovation, use

fertilizers scientifically, reduce the pollution of fertilizers in the soil

(Lu et al., 2020), and promote green grain production.

Urbanization had a mainly negative impact on grain supply-

demand, which indicated that the increase in the rate of

urbanization, the gradual transformation of many villages into

towns and cities, the transfer of a large number of rural population

to cities, the abandonment of some land, and the increase in

demand for grain, all of these make the supply-demand ratio

smaller. Therefore, the expansion of urbanization in such countries

should be accompanied by a basic balance between grain supply-

demand to ensure grain security.

Water resource had a mainly positive effect on grain supply-

demand. This is because water is the basic guarantee of grain

supply. Therefore, all countries along the B&R should rationally

develop and utilize surface water resource, promote water-saving

irrigation techniques, improve water use efficiency (Mainuddin

et al., 2020) and improve agricultural water management.

Temperature and precipitation change had a smaller impact

on the ratio of grain supply to demand than other factors,

primarily because the temperature and precipitation change were

relatively small. Additionally, technological progress has brought

about improvements in agricultural production and management

measures, which have also weakened the impact of temperature

and precipitation on agriculture to a certain extent, and thus

the ecosystem of grain crops is more stable and less affected by

climate change. However, this does not mean that we can ignore

the impacts of temperature and precipitation change on grain

production, as the intensity and frequency of extreme weather

events are likely to increase as global climate change intensifies,

posing a greater threat to grain production (Khalfaoui et al.,

2024). Therefore, countries along the B&R should continue to pay

attention to the impact of climate change on grain production and

take corresponding measures to address those challenges.

The grain supply-demand relationship is a complex system that

is affected by the factors mentioned above, as well as by several

special external factors. For example, grain supply has not been

able to meet grain demand due to the impact of COVID-19, and
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the grain supply-demand gap has been continuously negative since

2020. Therefore, in the face of certain special factors, countries

should strengthen the formulation of contingency plans by

focusing on market regulation, technological support, supply chain

management, and international cooperation to ensure a stable grain

supply and enhance the level of regional integrated defense.

4.1.3 Shortcomings and future prospects
In summary, this paper constructed a multiscale analytical

framework for the matching of grain supply and demand in

the B&R region from the spatial and temporal dynamics of the

relationship between grain supply and demand, and further refined

the assessment of the regional grain security situation. The study

explored the spatial heterogeneity of the influencing factors of

grain supply-demand by introducing natural, economic and social

factors. This not only expanded the application of grain supply and

demand studies, but also provided scientific support for optimizing

grain resource allocation and improving grain security in the

B&R region.

Firstly, this paper analyzed grain supply-demand relationship

and its influencing factors in the B&R region mainly at the national

and regional levels, while there are significant differences in the

economic, social, climatic and agricultural conditions of the regions

within the countries. Analyses at the national and regional level

may not fully reveal these internal differences, leading to limitations

in the nuance and applicability of the results. Future research

should be further refined to smaller spatial scales, such as the

provincial and municipal levels, and regional in-depth studies and

comprehensive multi-scale analyses should be carried out to reveal

more regional differences and details, so as to provide more precise

and effective policy recommendations for regional grain supply-

demand management. Secondly, grain trade affects grain supply-

demand by influencing, among other things, grain availability

and grain prices. Therefore, in the future, changes in grain trade

and grain supply-demand could be analyzed in an integrated

manner. Finally, regarding the research methodology, the standard

deviation ellipse and gravity center model are sensitive to extreme

values when characterizing spatial distribution. In the future, these

methods could be combined with robust statistical techniques to

mitigate the influence of extreme values on the results. Although

the GTWR model can reveal spatial and temporal dynamics, it

typically assumes a linear relationship. However, the influences

on grain supply and demand may involve complex nonlinear

relationships. Hence, in the future, it can be combined with other

spatiotemporal analysis models (such as spatial autocorrelation

models) to form an integrated model that improves the explanatory

power of spatial heterogeneity and spatiotemporal changes.

4.2 Conclusion

Based on grain production and consumption data and multi-

influence factor data of 65 countries along the B&R from

1993 to 2021, this paper explored the grain supply-demand

matching relationship and its influencing factors as well as the

state of grain security based on the analysis of the trend of

spatiotemporal patterns.

(1) Total grain production significantly increased, with grain

yield contributing more to total production than sown area in the

B&R region. The gravity center of grain supply and demand was

the same, near East Asia. The B&R region was still in the primary

grain demand stage of “food-based and feed-supplemented”.

Although per capita consumption in this region is low and does

not reach the global average, the total grain consumption

accounted for a large proportion of global consumption

and played a key role in maintaining the global balance in

grain supply-demand.

(2) The B&R region has been largely self-sufficient since 2007,

with grain supply meeting demand, but the level of grain self-

sufficiency varied considerably between countries. In terms of

matching supply-demand, most countries fell into the category

of high supply-high demand and low supply-low demand, with

basically the same level of grain supply and demand.

(3) The number of countries with low-surplus and those with

high-deficit both showed a downward trend. Among them, the

number of countries with high-surplus rose the most, indicating

an improvement in grain security situation at the country level.

However, the overall grain security situation in the B&R region

was not optimistic, and grain insecurity accounted for a relatively

large number of countries, mainly in West Asia-Middle East and

Southeast Asia.

(4) The effects of fertilizer use, grain yield, and GDP on grain

supply-demand fluctuated greatly over time. Grain yield, sown

area, fertilizer use, and water resource mainly positively affected

grain supply-demand. GDP, PGDP, and urbanization mainly

negatively affected grain supply-demand. Temperature change and

precipitation change had less impact on grain supply-demand.

Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

WQ: Funding acquisition, Investigation, Supervision,

Validation, Writing – review & editing, Conceptualization, Data

curation, Formal analysis, Methodology, Project administration,

Resources, Software, Visualization, Writing – original draft. XT:

Investigation, Supervision, Validation, Visualization, Writing –

review & editing. XZ: Investigation, Supervision, Writing – review

& editing. GL: Investigation, Supervision, Writing – review &

editing. JZ: Investigation, Supervision, Writing – review & editing.

XS: Writing – review & editing. MZ: Investigation, Supervision,

Validation, Visualization, Writing – review & editing. RH: Funding

acquisition, Investigation, Supervision, Validation, Writing –

review & editing, Formal analysis, Visualization.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This article

Frontiers in Sustainable FoodSystems 17 frontiersin.org

https://doi.org/10.3389/fsufs.2024.1491594
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Qu et al. 10.3389/fsufs.2024.1491594

was financially supported by Shandong Province Undergraduate

Teaching Reform Project, grant number Z20220004, Jinan City-

School Integration Project, grant number JNSX2023036, and

Ministry of Education Industry-school Cooperative education

project: “Evidence-based Virtual simulation teaching of Beijing-

Hangzhou Grand Canal (Shandong Section) navigation”, grant

number 231003880135941.

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Alhussam, M. I., Ren, J., Yao, H., and Abu Risha, O. (2023). Food trade network
and food security: from the perspective of belt and road initiative. Agriculture 13:1571.
doi: 10.3390/agriculture13081571

Ali, M., Marvuglia, A., Geng, Y., Robins, D., Pan, H., Song, X., et al.
(2019). Accounting emergy-based sustainability of crops production in India and
Pakistan over first decade of the 21st century. J. Clean. Prod. 207, 111–122.
doi: 10.1016/j.jclepro.2018.09.236

Awad, A. (2023). The determinants of food insecurity among developing countries:
are there any differences? Sci. Afr. 19:e1512. doi: 10.1016/j.sciaf.2022.e01512

Carr, T.W., Addo, F., Palazzo, A., Havlik, P., Pérez-Guzmán, K., Ali, Z., et al. (2024).
Addressing future food demand in the Gambia: can increased crop productivity and
climate change adaptation close the supply-demand gap? Food Secur. 16, 691–704.
doi: 10.1007/s12571-024-01444-1

Chen, D., Yu, Q., Hu, Q., Xiang, M., Zhou, Q., and Wu, W. (2018). Cultivated
land change in the belt and road initiative region. J. Geogr. Sci. 28, 1580–1594.
doi: 10.1007/s11442-018-1530-9

Chen, W., and Zhang, H. (2022). Characterizing the structural evolution of cereal
trade networks in the belt and road regions: a network analysis approach. Foods
11:1468. doi: 10.3390/foods11101468

Cheng, J., and Yin, S. (2024). Evaluation of food security in North China based on
food production level. Foods 13:2189. doi: 10.3390/foods13142189

Chowdhury, P. R., Medhi, H., Bhattacharyya, K. G., and Hussain, C.
M. (2023). Severe deterioration in food-energy-ecosystem nexus due to
ongoing Russia-Ukraine war: a critical review. Sci. Total Environ. 902:166131.
doi: 10.1016/j.scitotenv.2023.166131

David, T., Christian, B., Jason, H., and Belinda, L., B. (2011). Global food demand
and the sustainable intensification of agriculture. Proc. Natl. Acad. Sci. U. S. A. 108,
20260–20264. doi: 10.1073/pnas.1116437108

Du, W., Yan, H., Feng, Z., Zhang, C., and Yang, Y. (2022). Spatio-temporal pattern
of ecosystem pressure in countries along the belt and road: combining remote sensing
data and statistical data. Chin. Geogr. Sci. 32, 745–758. doi: 10.1007/s11769-022-1298-9

FAO (2001). Food Balance Sheets: A Handbook. Rome. Available at: https://www.
fao.org (accessed November 30, 2023).

FAO, IFAD, UNICEF, WFP, and WHO (2021). The State of Food Security
and Nutrition in the World 2021: Safeguarding Against Economic Slowdowns and
Downturns. FAO: Rome. Available at: https://www.who.int/publications (accessed
December 20, 2023).

Farrell, P., Thow, A. M., Wate, J. T., Nonga, N., Vatucawaqa, P., Brewer,
T., et al. (2020). Covid-19 and pacific food system resilience: opportunities
to build a robust response. Food Secur. 12, 783–791. doi: 10.1007/s12571-020-
01087-y

Fei, L., Shuang, M., and Xiaolin, L. (2023). Changing multi-scale
spatiotemporal patterns in food security risk in China. J. Clean. Prod. 384:135618.
doi: 10.1016/j.jclepro.2022.135618

Feng, Z. M., Sun, T., and Yang,. Y. (2016). Study on the pattern of grain production
increase in China and its contributing factors, 2003-2013. J. Nat. Resour. 31, 896–907.
doi: 10.11849/zrzyxb.20151220

Gandhi, V. P., and Zhou, Z. (2014). Food demand and the food security challenge
with rapid economic growth in the emerging economies of India and China. Food Res.
Int. 63, 108–124. doi: 10.1016/j.foodres.2014.03.015

Gao, Y., Zhang, Z., Wei, S., and Wang, Z. (2019). Impact of urbanization on food
security: evidence from provincial panel data in China. Resour. Sci. 41, 1462–1474.
doi: 10.18402/resci.2019.08.07

He, H., Peng, M., Ru, S., Hou, Z., and Li, J. (2022). A suitable organic fertilizer
substitution ratio could improve maize yield and soil fertility with low pollution risk.
Front. Plant Sci. 13:988663. doi: 10.3389/fpls.2022.988663

He, J., and Yang, J. (2023). Spatial-temporal characteristics and influencing factors
of land-use carbon emissions: an empirical analysis based on the GTWR model. Land
12:1506. doi: 10.3390/land12081506

He, M., Huang, Z., and Zhang, N. (2016). An empirical research on agricultural
trade between China and “the belt and road” countries: competitiveness and
complementarity.Mod. Econ. 7, 1671–1686. doi: 10.4236/me.2016.714147

Hu, T., Ju, Z., and Liu, X. (2023). Towards sustainable food security through
regional grain supply and demand analysis in China. Int. J. Environ. Res. Public Health
20:3434. doi: 10.3390/ijerph20043434

Huang, B., Wu, B., and Barry, M. (2010). Geographically and temporally weighted
regression for modeling spatio-temporal variation in house prices. Int. J. Geogr. Inf. Sci.
24, 383–401. doi: 10.1080/13658810802672469
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