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The spatial mismatch between food consumption and water-land resources affects 
food security and the sustainable use of water–land resources in China. The 
circulation of vegetables between provinces has alleviated the supply pressure of 
national vegetable basket products to some extent, but its impact on water–land 
resources requires further research. Therefore, based on the optimal consumer 
utility concept of the CHINAGRO model, with the goal of minimizing freight costs, a 
simulation study was conducted on the circulation of vegetables between provinces 
in China from 2020 to 2022 using linear optimization methods. Additionally, the 
concepts of “virtual water” and “virtual land” were utilized to estimate the implied 
circulation of water–land resources in the inter-provincial vegetable circulation 
and to explore its impact on the country’s water–land resources. The results show 
that: (1) China’s vegetable production can generally meet the domestic demand, 
but there is a huge difference between supply and demand among provinces, and 
more than half of the provinces have vegetable shortages; (2) The circulation of 
vegetables accounted for 27.43% of the national vegetable production, showing 
obvious regional circulation characteristics. (3) In terms of water and land resources, 
the water resources implied in vegetable circulation accounted for 19.66% of 
the total water resources required for vegetable production in China, and the 
land resources accounted for 18.76%. Although the circulation of vegetables has 
alleviated the problem of land resource mismatch and improved the efficiency 
of land resource use to a certain extent, it has also led to the decline of water 
resource use efficiency in China. This study can provide important theoretical basis 
for the cultivation and transportation of vegetables between regions, as well as the 
comprehensive regulation and optimization of water and land resource utilization. 
At the same time, it can provide decision-making reference for the country to 
promote the sustainable transformation and development of the agricultural food 
system, improve the utilization rate of water and land resources, and formulate 
agricultural product planning and layout policies.
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1 Introduction

Vegetables are essential non-staple foods for urban and rural 
residents. Since the reform and opening up, with the continuous 
improvement of China’s agricultural development level and residents’ 
living standards, China has become a major producer and consumer 
of vegetables. The demand for diversified and nutritious vegetable 
consumption among residents has been growing steadily. Currently, 
the planting area of vegetables accounts for more than 13% of China’s 
total crop planting area, second only to grain crops, making vegetables 
the most promising economic crop with significant development 
potential. According to statistics, China’s vegetable production 
accounts for approximately 60% of global output, solidifying its 
position as the world’s largest vegetable producer. At the same time, 
with the increasing regionalization and specialization of vegetable 
cultivation, the domestic vegetable market has gradually matured (Wu 
and Mu, 2016). The formation of spatiotemporal patterns in 
advantageous production regions across the country facilitates variety 
complementarity, staggered marketing, and interregional 
coordination, alleviating imbalances between production and sales 
areas. This ensures the supply of vegetables in the national market, 
increases farmers’ income, and guides the vegetable industry toward 
high-quality development.

Water and land resources are the most fundamental and critical 
material production factors for agricultural development, directly 
impacting national agricultural growth and food security. China is a 
large agricultural country with a massive population but also faces 
severe shortages of water and arable land resources. According to the 
latest data, China’s total water resources in 2024 reached 3,112.3 
billion cubic meters, ranking sixth globally. However, the per capita 
water availability is only 2,340 cubic meters, less than a quarter of the 
world average and approaching the international water scarcity alert 
level (1,700 m3). By the end of 2023, China’s total arable land area was 
128.6088 million hectares (approximately 1.929 billion mu), with a per 
capita arable land area of 1.37 mu—less than one-third of the global 
average (4.8 mu per capita) and ranking 126th in the world. With the 
acceleration of industrialization and urbanization, the conflict 
between the growing demand for water and land resources and their 
scarcity and limited availability has become increasingly acute. Issues 
such as regional disparities in agricultural economic development, 
irrational allocation of water and land resources, and competition for 
resources among various sectors are becoming more prominent. It is 
imperative to emphasize the rational use of water and land resources 
and adopt efficient and sustainable management measures for their 
matching in agriculture (Yang et al., 2022; Caro et al., 2021).

As one of the most important agricultural products, vegetables are 
typical resource-intensive products, requiring substantial inputs of 
agricultural land and water resources. A joint survey by China 
Agricultural University and the Beijing Agricultural Technology 
Extension Station revealed that the average irrigation water use for 
vegetables is 2.9 times that of grain crops, 6.5 times that of legumes, 
and 5.4 times that of forage grass. How to utilize limited water and 
land resources to ensure national vegetable supply security while 
achieving coordinated socio-economic development has become a hot 
topic in China’s sustainable development research. Interprovincial 
vegetable trade breaks the resource constraints of domestic vegetable 
production, facilitating the flow of virtual water and land resources 
across provinces. Water- and land-scarce provinces importing 

vegetables from resource-abundant provinces is equivalent to 
importing resources such as land and water. Interprovincial vegetable 
trade also enables the flow of virtual resources, alleviating resource 
shortages (Cai, 2024), thereby allowing for a reallocation of the spatial 
distribution of vegetable cultivation. Therefore, from the perspective 
of virtual resource flows, studying the impact of interprovincial 
vegetable trade on China’s water and land resources is of great 
significance for better ensuring national vegetable supply security, 
efficient resource utilization, and sustainable socio-economic 
development. This study aims to explore the virtual water-land 
resource flows embedded in China’s interprovincial vegetable 
circulation and their impacts. The core research questions are: (1) 
What is the pattern of interprovincial vegetable circulation in China? 
(2) How does this circulation affect the utilization of water and land 
resources at the national and regional levels? (3) What policy insights 
can be derived from these findings to support sustainable agricultural 
and food systems?”

Scholars have achieved substantial results in studying the impacts 
of agricultural-product circulation on water and land resources. At 
present, most research is based on the perspective of virtual resource 
flows, using the concepts of “water footprint” and “land footprint” to 
explore the movement of “virtual water” and “virtual land” in 
agricultural-product circulation. The concept of virtual water was 
proposed by British scholar Allan (1993), initially defined as the 
volume of water required during the production of an agricultural 
product, and later extended to mean the water resources needed in the 
production of any good or service. He subsequently introduced the 
concept of virtual water trade, a new mode of water-resource flow that 
emerges as goods or services are traded between countries or regions 
(Allan and Mallat, 1996; Duarte et al., 2019). Building on virtual water, 
Hoekstra and Hung (2002) proposed the concept of the water 
footprint, further developing and refining virtual water theory. Later, 
Falkenmark and Rockstrom (2006) introduced the concepts of blue 
water and green water, providing a new paradigm for water-resource 
planning and management.

In Cheng (2003) first introduced the virtual water concept into 
China, using the arid regions of northwest China as a case study to 
explore the significance of virtual water theory and strategy for China’s 
water management and security. After its introduction domestically, 
virtual water quickly attracted widespread attention from Chinese 
scholars. Drawing on the “virtual water” approach, both international 
and Chinese researchers proposed concepts such as “virtual land” and 
“virtual arable land,” defining them as “the amount of land resources 
required in the production of goods or services” (Luo et al., 2004; 
Liang and Zhu, 2019; Liu et al., 2020). Virtual land metrics not only 
quantitatively reflect the ecological spatial area implied by agricultural-
product circulation or trade but also represent the actual land 
resources embodied in such circulation or trade, making the concept 
more accessible and acceptable to the public and policymakers (Guo 
et al., 2020).

A review of the existing literature reveals that scholars at home 
and abroad have mainly focused on the quantification of virtual 
water–land resources in agricultural-product trade (Hekmatnia et al., 
2023; Han et al., 2023; Yu et al., 2021; Huang and Huang, 2016), their 
spatiotemporal variation (Vallino et al., 2021; Vanham et al., 2018; 
Rushforth and Ruddell, 2018; Ali et al., 2017), and driving factors 
(Shen et al., 2024; Tian et al., 2023; Tamea et al., 2014; Han and Sun, 
2013). Commodity studies cover grains (Ben et al., 2016; Zhang et al., 
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2018; Cao, 2024; Hekmatnia et al., 2024), cotton (Zhao et al., 2009; 
Wang et  al., 2018), soybeans (Wang et  al., 2011), oilseeds, and 
vegetables (Hu and Tong, 2018), among others. The environmental 
effects of virtual water–land resources (Zhuo et al., 2016; Mayer et al., 
2016; Wang et al., 2023; Mekonnen et al., 2024) and their economic 
impacts (Tuninetti et al., 2016; Amini et al., 2025), as well as policies 
for managing virtual water and arable-land resources (Searchinger 
et al., 2018; Streimikis and Baležentis, 2020; Motoshita et al., 2023), 
have also received ample attention. The interregional circulation or 
import–export trade of virtual water–land resources can alleviate 
China’s water and land-resource pressures and provide a new pathway 
to mitigate shortages; however, virtual water–land strategies cannot 
fundamentally resolve all resource-shortage problems, and their 
practical implementation is very complex, being influenced by many 
factors (Cao, 2024). When formulating policies for cross-regional 
agricultural circulation or import–substitution trade, deliberately 
importing or substituting products with high virtual water–land 
content while encouraging the export of products with low virtual 
water–land content can not only ease tensions in China’s human-land 
and human-water relationships but also achieve both food security 
and optimal economic benefits (Wang et al., 2023).

In summary, existing research has largely focused on patterns of 
virtual water–land flows in grain circulation, with in-depth analyses 
of the virtual water-land flow modes and their impacts on resources, 
the environment, and the economy in grain import–export trade and 
interprovincial grain circulation. However, studies on water and land-
resource utilization issues arising from vegetable circulation directions 
and interprovincial vegetable flows are relatively scarce. Therefore, to 
better investigate China’s interprovincial vegetable circulation and its 
impacts on water and land resources, this paper—building on existing 
studies—comprehensively considers the supply and demand of 
vegetables across China’s 31 provincial-level regions (excluding Hong 
Kong, Macau, and Taiwan). It employs a linear optimization model of 
optimal freight to estimate interprovincial vegetable circulation 
volumes, explores the current status and characteristics of 
interprovincial vegetable flows in China, uses the “virtual water” and 
“virtual land” methods to calculate the embedded water–land 
resources, and, from the perspective of virtual-resource flows, 
examines the impacts of vegetable circulation on China’s water and 
land resources, with the aim of providing references for better 
ensuring vegetable supply security and sustainable water–land 
resource use in China.

2 Data sources and research methods

2.1 Data description and sources

This paper selects vegetables from the statistical yearbook as the 
subject of analysis, using the lowest transportation costs between 
China’s 31 mainland provincial-level administrative regions as derived 
from comprehensive analyses, which include various modes of 
transportation such as rail, road, and waterway (Gao et al., 2014). 
Vegetable production data are sourced from the “China Agricultural 
Statistical Yearbook 2021–2023,” and consumption data from the 
“China Statistical Yearbook 2021–2023.” Data for 2021 are chosen as 
the time cross-section, and to minimize biases caused by the volatility 
of vegetable trade, the average values from 2020 to 2022 are used.

There are issues with the consistency of statistical measures and 
data distortion in China’s vegetable production and consumption 
data, leading to significant discrepancies between reported 
production and consumption figures. The “China Statistical 
Yearbook” calculates vegetable consumption based on the number 
of vegetables directly purchased by households, omitting the 
quantities used for dining out, other production purposes, and other 
losses. This data is defined as the direct consumer demand for 
vegetables. Estimates from the “China Agricultural Statistical 
Yearbook” for 2020–2022 indicate that the per capital vegetable 
production was approximately 4.99, 5.06, and 5.10 times the 
consumption reported in the “China Statistical Yearbook.” The per 
capital vegetable consumption data used in this paper are calculated 
by multiplying the direct consumption from the yearbook by the 
ratio of net production (total vegetable output minus vegetable 
losses) to consumption, thereby accounting for the total vegetable 
demand including direct purchases, dining out, and use in 
other production.

Additionally, vegetables, being highly perishable fresh agricultural 
products, are prone to spoilage during circulation. The start of 
vegetable logistics in China was late, and the level of sophistication is 
relatively low, compounded by a shortage of professional logistics 
personnel specializing in vegetables. These factors result in high costs 
associated with vegetable circulation losses. In contrast to the 5% loss 
rate in vegetable logistics observed in other developed countries, 
China experiences a high loss rate of 25 to 30% during vegetable 
circulation (Xu et al., 2016) This paper adopts a fixed loss rate of 30% 
for conversions, drawing on the statistical methods and conclusions 
of previous research (Chi et al., 2022). The circulation and demand 
data mentioned in this paper refer to the net weight, adjusted for 
losses, considered from the demand side.

2.2 Research methods

2.2.1 Methods for estimating interprovincial 
vegetable flow volume

The circulation of vegetables is determined by various factors such 
as the supply and demand of vegetables, prices, and transportation 
costs. The decision support model for sustainable agricultural 
development in China (CHINAGRO model) is a spatial equilibrium 
model of China’s agriculture and a mathematical optimization model 
for maximizing consumer utility, so the CHINAGRO model can 
be  used to simulate the inter-regional circulation of agricultural 
products by considering the constraints of production, trade, and 
resources (Yang et al., 2022; Hu et al., 2018; Gao et al., 2014). Therefore, 
this study is based on the idea that the highest consumer utility is the 
optimization goal in the CHINAGRO model, regardless of the 
differences in vegetable variety, quality and price between provinces, 
and takes the lowest transportation cost as the highest consumer 
utility, which is taken as the optimization goal, and comprehensively 
considers the supply and demand of vegetables in different provinces 
in China, and adopts the linear optimization method to simulate the 
circulation of vegetables in different provinces. In this model, the 
vegetables produced in each province are given priority to meet the 
consumption of the province, and if there is a surplus, they are shipped 
to other provinces, and vice versa, vegetables need to be transferred 
from other provinces.
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China’s vegetable production exceeds the total national vegetable 
consumption, indicating that domestic vegetables can generally meet 
the country’s own demand. Therefore, this study will exclude import 
and export trade of vegetables to simulate inter-provincial trade flows 
of vegetables. Assuming that among the 31 provinces, municipalities, 
and autonomous regions, N provinces have vegetable shortages, the 
shortfall volume in these provinces can be considered as the demand 
from the other 31−N provinces, municipalities, and autonomous 
regions. In other words, the 31−N provinces with surplus vegetable 
supply serve as the sources of supply for the N provinces experiencing 
vegetable shortages. The specific linear optimization model is 
as follows:

the objective function is:
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In the Equation 1, F represents the transportation cost for inter-
provincial vegetable trade, with the minimization of transportation 
costs as the objective function; ijx  denotes the quantity of vegetables 
transported from province j to province i, where i is a vegetable-
deficient province and j is a vegetable-surplus province; N is the 
number of vegetable-deficient provinces, and 31−N is the number of 
vegetable-surplus provinces; ijc  is the unit transportation cost for 
vegetables transported from province j to province i; W is the unit 
transportation cost for vegetables; ijd  is the transportation distance 
from province j to province i; VSQi  is the vegetable shortage volume 
in province i; and VRQ j is the vegetable surplus volume in province j.

Equation 2 is the calculation formula for the unit transportation 
cost of vegetables between regions. Equation 3 indicates that the 
volume of vegetables transported from other provinces to a given 
province must equal the inflow restriction of the province’s shortage 
volume, ensuring that the vegetable demand of domestic vegetable-
deficient provinces is met. Equation 4 specifies that the volume of 
vegetables transported from a province to other provinces must be less 
than or equal to the outflow restriction of the province’s surplus 
volume, ensuring that vegetable supply from surplus provinces 
remains within their own supply capacity. Equation 5 defines the sign 
restrictions for each variable.

This study employed Lingo 18.0 software to solve the 
aforementioned linear optimization model. The solution process was 
executed smoothly, with the software returning a “Global Optimal 
Solution Found” status message, confirming that the model 

successfully converged and obtained a globally optimal solution. The 
process involved a total of 118 iterations, and the final objective 
function value (minimizing total cost) was 5.2858× 1310  yuan. All 
constraints were satisfied. The obtained optimal interprovincial 
vegetable transfer volumes were subsequently used to determine the 
scale and direction of interprovincial vegetable trade in China. By 
incorporating the virtual water and virtual land content of 
vegetables, the patterns of virtual water and land resource flows 
resulting from interprovincial vegetable trade in China were 
ultimately derived.

By optimizing vegetable flows, the model indirectly determines 
the direction and scale of virtual water and land resource flows. 
Although the direct objective of the model is to minimize 
transportation costs, its solution reveals the most economically 
efficient interprovincial circulation pathways for vegetables under the 
existing production structure. This economic efficiency is largely 
coupled with resource efficiency. The circulation patterns simulated 
by the model objectively reflect an indirect optimization of water and 
land resource utilization achieved through market mechanisms (cost 
constraints). It demonstrates how minimizing economic costs 
indirectly leads to the minimization of water and land resource 
consumption. In practice, the purpose of this study is not to design a 
complex optimization model incorporating multiple policy objectives 
but to provide a clear baseline scenario that reveals the virtual resource 
flow patterns driven by current market forces. Our conclusions aim to 
illustrate how trade influences the patterns of water and land resource 
utilization rather than directly regulating and optimizing it.

2.2.2 Calculation method for virtual water trade 
in vegetables

Quantifying the virtual water required for vegetable production is 
fundamental to the study of virtual water. Currently, there are two 
primary methods for quantification: the product tree method 
proposed by Chapagain and Hoekstra (2003) and Hoekstra and Hung 
(2002), and the unit water usage method proposed by Zimmer and 
Renault (2003). This paper adopts the unit water usage method, which 
calculates the virtual water content by estimating the reference 
evapotranspiration ( 0ET ) of different agricultural products. The 
specific methods include the following steps:

2.2.2.1 Potential evapotranspiration
Potential evapotranspiration is the most critical parameter in 

calculating crop water requirements (Gong et al., 2007). This study 
uses the widely applied and FAO-recommended modified Penman–
Monteith formula to perform these calculations. The formula is 
as follows:

	

( ) ( )
( )

γ

γ

∆ − + −
+=

∆ + +0
2

9000.408
273

1 0.34

n a dR G e e
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U 	
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In the Equation 6, 0ET  represents the reference evapotranspiration 
(mm d−1); nR  is the net radiation at the crop surface (MJ m−2); G is the 
land heat flux [MJ·(m2 d)−1]; T is the average air temperature (°C); 2U  
is the wind speed at 2 m above the ground (m s−1); ae  is the saturated 
vapor pressure (kPa); de  is the actual vapor pressure (kPa); ∆ is the 
slope of the vapor pressure curve (kPa °C−1); γ  is the psychrometric 
constant (kPa °C−1). The meteorological data used in this paper are 
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sourced from the China Meteorological Data Network1 and a 
meteorological website in Russia.2

2.2.2.2 Total amount of land moisture transpiration and 
evaporation

	 = × 0C CET K ET 	 (7)

In the Equation 7, CET  represents the total cumulative 
evapotranspiration during the actual growth period of the crop 
(mm d−1); CK  is the crop coefficient, drawn from those recommended 
by the FAO. The crop coefficients used in this paper are calculated 
based on the weighted average of the yields of different crops.

2.2.2.3 Vegetable water requirement

	 = ×CWR 10 cET 	 (8)

In the Equation 8, CWR represents the water requirement per unit 
area during the growth period of vegetables (m3 hm−2); 10 is the unit 
conversion factor that converts the unit from water depth (mm) to the 
volume of water per unit area (m3 hm−2).

2.2.2.4 Specific water demand

	 =SWD CWR /CY 	 (9)

In the Equation 9, SWD represents the virtual water content per 
unit mass of vegetables (m3 kg−1), and CY is the yield of vegetables per 
unit area (kg hm−2).

2.2.2.5 Total virtual water in relation to vegetable export 
volume

	 = ×WFTD SWD ijx 	 (10)

In the Equation 10, WFTD  represents the total virtual water for 
vegetables, ijx  is identical to the variable ijx  in the linear optimization 
model, indicates the volume of vegetable circulation from province j 
to province i.

2.2.2.6 Calculation method for virtual land trade in 
vegetables

	
=iLS i

i

P
S 	

(11)

	
=jLD j
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(12)
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1  https://data.cma.cn/

2  https://rp5.ru/
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(14)

In the Equations 11–14, jLS  and iLD  represent the vegetable yield 
per unit of land in the producing province j (vegetable-surplus 
province) and the consuming province i (vegetable-deficient 
province), respectively; iP  and jP  denote the vegetable production in 
provinces i and j, respectively; iS  and jS  represent the vegetable 
planting area in provinces i and j, respectively; ijx  is identical to the 
variable defined above; ,VLTSi j  and ,VLTDi j  represent the virtual 
land transfer resulting from vegetable circulation as estimated from 
the producing province and the consuming province, respectively.

2.2.3 Research on the impact of vegetable 
circulation on water and land resources

	 = ∑ −∑, ,TWB WFTS WFTDi j i j	 (15)

	 = ∑ −∑, ,TLB VLTS VLTDi j i j 	 (16)

In the Equations 15 and 16, TWB and TLB represent the difference 
in water resources and land resources required between the 
production province j and the consumption province i, respectively. 

,WFTSi j and ,WFTDi j  denote the water flows induced by vegetable 
circulation estimated from the perspective of the production province 
j and the consumption province i, respectively. ,VLTSi j and ,VLTDi j 
is identical to the variable defined above.

Based on the interprovincial vegetable trade volumes estimated by 
the CHINAGRO model, combined with the coefficients of virtual 
water and land resource consumption for vegetables, we derived the 
virtual water and land flows embedded in the interprovincial trade of 
vegetables. Here, the interprovincial vegetable flow ( ijx ) is the core 
output of the linear programming model and serves directly as the 
input variable for the virtual water and land calculations. Therefore, 
the results presented hereafter reflect not only the scale and direction 
of interprovincial vegetable trade but also the spatial reallocation of 
agricultural water and land resources driven by such flows, 
highlighting regional disparities in resource use efficiency and 
potential environmental pressures. All variables in Equations 1–16 are 
listed in Table 1.

2.3 Sensitivity analysis

To assess the robustness of our model results to the uncertainty of 
key input parameters, a one-at-a-time (OAT) sensitivity analysis was 
conducted. This analysis focused on two critical parameters: the 
vegetable circulation loss rate and the crop coefficient.

The baseline values of these parameters were perturbed by ±10%, 
which represent a plausible range of variation given regional 
disparities and data limitations. For each scenario, the national totals 
of virtual water flow (WFTS or WFTD) and virtual land flow (VLTS 
or VLTD) were recalculated while keeping all other parameters 
constant. The key findings of the sensitivity analysis are:

A ±10% change in the circulation loss rate led to a ∓10% change 
in WFTD (or WFTS) and a ∓10% change in VLTD (or VLTS). A 
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±10% change in the crop coefficient led to a ±10% change in WFTD, 
while VLTD remained unchanged (as expected, since VLTD is 
independent of water coefficients). More importantly, parameter 
variations did not alter the macro-level patterns and directions of 
interprovincial virtual water/land resource flows. The optimal 
transportation pathways determined by the optimization model—
specifically, the core relationships defining “who transfers to whom”—
remained unchanged.

We consider this outcome entirely reasonable and consistent 
with theoretical expectations. As described in “Section 2.2 Research 
Methods,” the circulation loss rate only affects the absolute 
magnitude of interprovincial vegetable trade volumes and does not 
influence the direction or pathways of such trade. Changes in 
vegetable trade volumes exhibit an inversely proportional 
relationship with the circulation loss rate, while virtual water/land 
resource quantities are directly proportional to vegetable trade 
volumes. Consequently, estimates of virtual water/land flows show a 
perfectly proportional, linear inverse response to changes in the 
circulation loss rate. Similarly, virtual water flows maintain a linear 
relationship with the crop coefficient, whereas virtual land flows are 
independent of the crop coefficient. Thus, changes in the crop 

coefficient only affect virtual water flow quantities and have no 
impact on virtual land flows.

The stability of flow directions and pathways strongly 
demonstrates that the core finding of our study—the virtual resource 
flow network—is highly robust. This indicates that while parameter 
uncertainty may affect the precision of absolute flow estimates, it does 
not undermine our fundamental conclusions regarding the main 
pathways, directions, and structural patterns of resource flows.

3 Analysis results

3.1 Analysis of vegetable circulation

3.1.1 Vegetable supply and demand
With the development of China’s economy and the improvement 

of residents’ living standards, both vegetable production and 
consumption have increased, with domestic production largely 
meeting national consumption needs. From 2020 to 2022, China’s 
vegetable production was 749 million tons, 775 million tons, and 799 
million tons, respectively, showing a steady upward trend. The per 

TABLE 1  Notation table.

No. Variables Definition

1 F The transportation cost for inter-provincial vegetable trade

2 xij
The quantity of vegetables transported from province j to province i, where i is a vegetable-deficient province and j is a vegetable-surplus province

3 N The number of vegetable-deficient provinces

4 cij
The unit transportation cost for vegetables transported from province j to province i

5 W The unit transportation cost for vegetables

6 dij
The transportation distance from province j to province i

7 VSQi
The vegetable shortage volume in province i

8 VRQ j
The vegetable surplus volume in province j

9 ET0
The reference evapotranspiration

10 KC
The crop coefficient

11 ETC
The total cumulative evapotranspiration during the actual growth period of the crop

12 CWR The water requirement per unit area during the growth period of vegetables

13 CY The yield of vegetables per unit area

14 SWD The virtual water content per unit mass of vegetables

15 Pi  and Pj
The vegetable production in provinces i and j

16 Si and Sj
The vegetable planting area in provinces i and j

17 WFTS ,i j
The water flows induced by vegetable circulation estimated from the perspective of the production province j

18 WFTD ,i j
The water flows induced by vegetable circulation estimated from the perspective of the consumption province i

19 VLTS ,i j
The virtual land transfer resulting from vegetable circulation as estimated from the producing province

20 VLTD ,i j
The virtual land transfer resulting from vegetable circulation as estimated from the consuming province

21 TWB The difference in water resources required between the production province j and the consumption province i

22 TLB The difference in land resources required between the production province j and the consumption province i
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capita vegetable consumption during the same period was 104.93 kg, 
110.24 kg, and 108.63 kg, respectively. Over the past decade, national 
vegetable demand has generally shown an initial increase followed by 
stabilization, with an average annual compound growth rate of 1.76%, 
reflecting a growing demand for both the quantity and quality of 
vegetables among residents. Meanwhile, the gap in vegetable demand 
between urban and rural residents persists but is gradually narrowing. 
In 2015, the per capita vegetable consumption of urban residents was 
100.2 kg, while that of rural residents was only 88.7 kg, amounting to 
0.88 times the urban consumption. In 2020, the per capita vegetable 
consumption of urban residents was 105.4 kg, compared to 93.5 kg for 
rural residents, or 0.89 times the urban consumption. By 2022, urban 
residents consumed 110.9 kg of vegetables per capita, while rural 
residents consumed 104.6 kg, which is 94.31% of the 
urban consumption.

There are significant differences in vegetable production and 
consumption across China’s provinces. In terms of production, 
provinces with higher vegetable output are primarily located in the 
East China, Central China, and Southwest regions, accounting for 
67.61% of the country’s total vegetable production, as shown in 
Figure 1. Among these, Shandong has the largest vegetable production, 
reaching 84.8 million tons. Shouguang and Shenxian in Shandong are 
key vegetable production bases in the country. Henan and Jiangsu also 
have substantial production. Sichuan is the province with the highest 
vegetable output in the Southwest region and is a critical national 
vegetable production area, particularly for the “South-to-North 
Vegetable Transport” and winter–spring vegetable production bases, 
with an output of 48.3 million tons. Qinghai has the lowest production, 
at only 837,000 tons. After years of development, China has established 
six major advantageous vegetable production regions: the winter–
spring vegetable regions in the South China and Southwest heat zones, 
the winter–spring vegetable regions in the Yangtze River Basin, the 
summer–autumn vegetable regions in the Loess Plateau, the summer-
autumn vegetable regions in the Yunnan-Guizhou Plateau, the 

summer-autumn vegetable regions in the high-latitude North, and the 
facility vegetable regions in the Huang-Huai-Hai and Bohai Rim areas. 
These six key regions ensure a continuous supply of vegetables 
throughout the year across the country, with overlapping production 
seasons and the use of methods such as the “South-to-North Vegetable 
Transport” and facility-grown vegetables.

China’s vegetable planting area is approximately 21,444.63 
thousand hectares, with a total vegetable production of 775 million 
tons. The distribution pattern of vegetable cultivation is largely 
established, with the East China region accounting for 29%, Central 
China for 21%, Southwest China for 17%, South China for 11%, North 
China for 10%, Northwest China for 8%, and Northeast China for 4%. 
In terms of planting area, the East China region has the largest 
vegetable planting area, covering 5,148.93 thousand hectares, followed 
by the North China, Central South, and Southwest regions. Among 
these, 10 provinces have a vegetable planting area exceeding one 
million hectares, with Guangdong having the largest area at 1.764 
million hectares. Additionally, China’s average vegetable yield per unit 
area is 34.9 thousand tons per thousand hectares, with the highest 
yield per unit area found in the North China region, reaching 41.0 
thousand tons per thousand hectares.

From the perspective of consumption, Guangdong has the highest 
vegetable consumption, reaching 46.7 million tons, which accounts 
for 8.63% of the total vegetable consumption in China. This is followed 
by Sichuan, Henan, and Jiangsu. Qinghai and Tibet have the lowest 
vegetable consumption, amounting to only 3.91% of Guangdong’s 
consumption. Additionally, Guangdong also has the highest per capita 
vegetable consumption, at 142.57 kg, while Guizhou has the lowest, at 
only 50.49 kg, which is 0.35 times that of Guangdong. The vegetable 
consumption in each province is closely related to the local population 
size, as well as factors such as economic development level and 
urbanization rate. By the end of 2021, Guangdong’s population was 
127 million, making it the most densely populated region in the 
country, with an urbanization rate of 74.79%, leading to high vegetable 
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FIGURE 1

Vegetable production in various provinces of China in 2020–2022. Data source: China agricultural statistical yearbook 2021–2023, China statistical 
yearbook 2021–2023.
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consumption. Other provinces with high vegetable consumption, such 
as Sichuan, Shandong, and Henan, are also densely populated. 
Additionally, per capita vegetable consumption varies across 
provinces; in economically underdeveloped regions and areas with 
lower urbanization rates, per capita vegetable demand tends to 
be relatively lower.

China’s vegetable processing industry is increasingly becoming 
more sophisticated, with market supply and demand growing year by 
year, leading to the development of a relatively complete fruit and 
vegetable processing industry chain. The main types of processed 
vegetable products include frozen vegetables, dehydrated vegetables, 
pickled vegetables, fresh vegetables, vegetable juices, and canned 
vegetables. Currently, the vegetable processing industry across the 
country is making continuous progress, and industrial clusters are 
gradually emerging, such as the dried, canned, frozen, and pickled 
vegetable processing bases along the southeastern coast, and the 
tomato paste processing base in the northwest.

In terms of international trade, China’s vegetable exports 
amounted to 8.88 million tons, while imports were 323,000 tons, 
resulting in a vegetable trade surplus of 16.26 billion USD. The 
vegetable trade has the largest trade surplus among all agricultural 
product trades in China. Specialty vegetables occupy an important 
position in this trade. Specialty vegetables refer to a category of 
vegetables with distinct regional characteristics and prominent 
varietal features. Examples include processed ginger, scallions, and 
garlic from the Huang-Huai-Hai region, aquatic vegetables such as 
lotus root and wild rice stem from the Yangtze River Basin, and 
processed chili peppers from regions like Southwest China, Central 
China, and North China. Among the specialty vegetable export 

industries, garlic, onions, ginger, and dried chili peppers are the 
leading exports.

In half of China’s provinces, vegetable production is insufficient to 
meet local consumption needs, as shown in Figure  2, including 
regions such as Beijing, Shanghai, Guangdong, Heilongjiang, and 
Inner Mongolia. The reasons for this are varied: in economically 
developed areas like Beijing and Shanghai, land is highly utilized, and 
resources for vegetable cultivation are limited, resulting in a smaller 
proportion of land dedicated to vegetable farming. In provinces like 
Zhejiang and Guangdong, although vegetable production is relatively 
high, the large population leads to consumption far exceeding 
production, creating significant vegetable shortages. The three 
northeastern provinces, due to their location in the northern 
temperate zone, experience long winters, with only a few months 
suitable for vegetable cultivation each year. In regions such as Qinghai 
and Inner Mongolia, where livestock farming predominates, the area 
dedicated to vegetable cultivation is limited. Other regions, such as 
Shanxi, Jiangxi, and Tibet, also face low vegetable self-sufficiency due 
to the lack of suitable land, temperatures, and other natural resources, 
making them more reliant on imported vegetables.

3.1.2 Interprovincial vegetable circulation
Vegetable circulation in China exhibits distinct regional 

characteristics. Overall, vegetable circulation between provinces tends 
to prioritize meeting the needs of neighboring provinces, with a clear 
tendency for circulation within regions and adjacent areas, resulting 
in mutual satisfaction of vegetable demands between the northern and 
southern regions. There are a total of 65 trade routes for vegetable 
circulation between China’s provinces, involving all 31 provincial-level 

FIGURE 2

Vegetable production, consumption, supply and demand in all provinces of China. Data source: China agricultural statistical yearbook 2021–2023, 
China statistical yearbook 2021–2023.
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administrative regions (excluding Hong Kong, Taiwan, and Macau), 
with a total transportation volume reaching 149 million tons, 
accounting for 28.76% of the total production. A total of 24 provinces 
export vegetables to other provinces. Only 9.65 million tons of 
vegetables are used for export, accounting for 1.29% of the total 
production, indicating a relatively active state of vegetable 
trading overall.

In terms of interprovincial vegetable circulation, Shandong is the 
largest exporter, with an export volume of 20.5 million tons, followed 
by Henan with 19.3 million tons. Guangdong is the largest importer 
of vegetables, with an import volume of 22.6 million tons. Beijing has 
the lowest vegetable self-sufficiency rate at only 9.91%, followed by 
Shanghai at 12.69%. The largest volume of vegetable transfer between 
provinces is from Hebei to Liaoning, with 14.6 million tons, followed 
by the transfer from Guizhou to Guangdong, amounting to 11.3 
million tons, as shown in Figure  3. The output of the linear 
optimization model is generally consistent with the interregional 
vegetable production and trade patterns reported in previous studies, 
such as Zhang and Liu (2024), Li and Mu (2019), and Shen and Mu 
(2019). Taking the vegetable supply in megacities like Beijing and 
Shanghai as examples: Beijing has a vegetable self-sufficiency rate of 
approximately 10%. Hebei, Liaoning, and Shandong are major 
contributors to Beijing’s vegetable supply, accounting for about 25, 10, 
and 25% of the market share, respectively. Together, these three 
provinces supply over 60% of Beijing’s vegetables (Zhao et al., 2011). 
Shanghai maintains a vegetable self-sufficiency rate of around 40%. 
With improvements in transportation and logistics, Shanghai’s 

vegetable supply system has expanded significantly in scope, distance, 
and diversity of sourcing regions and varieties. This trend aligns with 
the development of a large-scale market-driven circulation system. In 
terms of supply volume, northern regions (North China, Northwest, 
Northeast) contribute about 50% of Shanghai’s vegetable supply, 
neighboring regions (Yangtze River Delta, Central China) provide 
30%, and southern regions (South China, Southwest) account for 20%. 
The top 5 external supply provinces are Jiangsu, Shandong, Zhejiang, 
Fujian, and Hebei (Zhou and Ao, 2016; Peng, 2022).

The East China, Central China, and North China regions have 
favorable growing conditions, with provinces like Shandong, Henan, 
and Hebei being major vegetable-exporting provinces in China. The 
supply from these provinces mainly goes to Beijing, Tianjin, Shanghai, 
Zhejiang, Anhui, and Guangdong, with some also supplied to the 
Northeast or used for import and export. Although Jiangsu and 
Zhejiang in the East China region are major vegetable-producing 
provinces, the high population and relatively developed economies in 
these areas mean that most of the vegetable production is consumed 
locally, with little surplus flowing to other regions. The Northeast 
region is a net vegetable import area, primarily sourcing vegetables 
from Shandong, Hebei, and other regions, totaling 16.2 million tons. 
The Northwest region has a surplus of vegetables, which are mainly 
exported to North China and South China. Guizhou and Sichuan are 
the largest vegetable-exporting provinces in the Southwest region, 
supplying not only to local provinces like Sichuan and Chongqing but 
also to regions in South China and East China. In South China, both 
Guangxi and Guangdong have high vegetable production (Guangdong 

FIGURE 3

Vegetable circulation among provinces in China. Data source: MTALAB linear optimization results.
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with 37 million tons and Guangxi with 38.4 million tons). However, 
due to Guangdong’s dense population, vegetable demand far exceeds 
production, with a self-sufficiency rate of only 54.4%, relying on 
vegetable supplies from Guangxi, Guizhou, and other regions.

3.2 Analysis of the impact of vegetable 
circulation on water and land resources

3.2.1 The flow of water and land resources in 
vegetable circulation

Vegetable production in China requires 21.4 million hectares of 
land and consumes 226 billion cubic meters of water. The vegetables 
circulated between provinces (excluding imports, exports, or 
inventory) require 41.4 billion cubic meters of water (accounting for 
19.66% of the total water consumed in vegetable production) and 4.02 
million hectares of land (accounting for 18.76% of the total land 
consumed in vegetable production). There are significant differences 
in the consumption of water and land resources for vegetable 
production across regions. Shandong, with the largest vegetable 
production, consequently has the highest demand for water and land 
resources, reaching 20.5 billion cubic meters and 1.49 million hectares, 
respectively. Shandong also has the largest outflow of vegetables, with 
the vegetables exported requiring 4.84 billion cubic meters of water 
and 264,000 hectares of land. Similarly, as major vegetable-exporting 
provinces, Henan and Hebei each require more than 3.5 billion cubic 
meters of water and over 200,000 hectares of land for the vegetables 

they export. Guangdong has the largest inflow of vegetables, resulting 
in relatively high consumption of water and land resources associated 
with these imports, totaling 9.9 billion cubic meters of water and 
782,000 hectares of land. Provinces like Anhui, Liaoning, and Zhejiang 
also have significant vegetable imports, with the vegetables requiring 
more than 3.0 billion cubic meters of water and 590,000 hectares of 
land. Guizhou is the province that requires the most water and land 
resources per unit of vegetable production, with a vegetable output of 
32 million tons, but requiring 18.4 billion cubic meters of water and 
578,000 hectares of land. This is related to the local climate conditions 
and farming practices.

Figure 4 illustrates the major vegetable flow between provinces in 
China, highlighting 18 main circulation routes involving 14 
provincial-level administrative regions. Each of these routes handles 
more than 2.0 million tons of vegetables, collectively accounting for 
90.35% of the national vegetable transportation volume. The 
movement of these vegetables results in the transfer of 37.0 billion 
cubic meters of water and 3.93 million hectares of land resources.

Among the vegetable flows, the largest volume is from Hebei to 
Liaoning, with an implied water resource of 2.91 billion cubic meters, 
equivalent to 1.56 times the water resources required for Liaoning’s 
current vegetable production. The implied land resource is 242,000 
hectares, equivalent to 0.87 times the land resources needed for 
Liaoning’s current vegetable production, reflecting Hebei’s higher land 
resource utilization efficiency in vegetable cultivation. The second 
largest flow is from Guizhou to Guangdong, with an implied water 
resource of 7.14 billion cubic meters, equivalent to 1.44 times the 

FIGURE 4

Vegetable circulation and its water and land resources flow among major provinces in China. Data source: China agricultural statistical yearbook 
2021–2023, national agricultural product cost-benefit data compilation 2021–2023.
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water resources required for Guangdong’s current vegetable 
production. The implied land resource is 347,000 hectares, equivalent 
to 0.46 times the land resources needed for Anhui’s current vegetable 
production. Although the vegetable volumes flowing from Guizhou 
to Guangdong and from Guangxi to Guangdong are much lower than 
those from Hebei to Liaoning, the lower efficiency of water and land 
resource utilization in Guizhou and Guangxi compared to Hebei 
results in relatively higher implied water and land resource flows. The 
water resource utilization rates in Guizhou and Guangxi are 3.68 times 
and 2.15 times that of Hebei, respectively, while the land resource 
utilization rates are 3.13 times and 2.53 times that of Hebei, 
respectively.

3.2.2 The impact of vegetable circulation on 
water and land resources

From the consumption perspective, if each province were to 
consume only vegetables produced within its own borders, China’s 
annual vegetable consumption would require 235 billion cubic meters 
of water and 28.4 million hectares of land. The interprovincial 
circulation of vegetables (excluding imports, exports, and inventory) 
saves 6.46 million hectares of land resources, equivalent to 29.42% of 
the total land resources consumed in vegetable production in China. 
However, it also results in the waste of 8.25 billion cubic meters of 
water resources, equivalent to 3.64% of the total water resource 
consumption. The primary reasons for this situation are the uneven 
distribution of water and land resources and the differences in their 
utilization efficiency. From the consumption side, Guangdong 
consumes the most vegetables, leading to the highest consumption of 
water and land resources, at 29.1 billion cubic meters (12.98% of the 
national water resource consumption on the demand side) and 3.08 
million hectares (10.86% of the national land resource consumption 
on the demand side), respectively. Guangdong is also the province 
with the highest consumption of water and land resources on the 
demand side. Jiangsu ranks second in water resource consumption on 
the demand side, with a consumption of 20.2 billion cubic meters, 
while Zhejiang ranks second in land resource consumption on the 

demand side, with a consumption of 2.58 million hectares. There are 
significant differences in the efficiency of water and land resource 
utilization across different regions of China. The North China region 
has the highest average efficiency in utilizing water and land resources 
nationwide, with provinces such as Shandong, Henan, Hebei, Shanxi, 
and Liaoning being the most efficient in land use. The flat terrain and 
fertile land of the North China Plain facilitate concentrated vegetable 
cultivation. In contrast, the South China and Southwest regions have 
relatively lower efficiency in utilizing water and land resources.

In the interprovincial vegetable trade in China, 33 trade flows 
have improved water resource utilization efficiency to some extent, 
saving 7.36 billion cubic meters of water. However, 45.39% of the 
vegetable trade flows have resulted in a waste of national water 
resources, requiring 15.2 billion cubic meters of water to meet the 
production needs of these vegetables. At the same time, only 14.49% 
of the vegetable trade flows have led to a decrease in land resource 
efficiency, while the remaining 49 trade flows have saved 6.95 million 
hectares of land resources. Figure 5 shows the comparison between 
the water and land consumption caused by major interprovincial 
vegetable flows and the consumption at the point of origin.

The vegetables transported from Hebei to Liaoning resulted in 
a waste of 287 million cubic meters of water but saved 62,500 
hectares of land resources. This is primarily because Hebei, located 
at a lower latitude, has a higher average annual temperature than 
Liaoning, leading to higher water requirements for plant 
transpiration and consequently lower water resource utilization 
efficiency. On the other hand, Hebei has more advanced 
greenhouse vegetable cultivation techniques, with a more 
concentrated and large-scale industry, resulting in relatively higher 
land resource utilization efficiency. This disparity in water and land 
resource utilization efficiency between the two provinces is due to 
these differences. In regions like Shandong and Hebei, where the 
vegetable cultivation industry is more concentrated and developed, 
the vegetable production per unit of land is high. The 
transportation of vegetables from these areas to provinces like 
Liaoning, Anhui, Beijing, and Tianjin has collectively saved 

FIGURE 5

Impact of vegetable circulation on water and land resources among major provinces in China. Data source: China agricultural statistical yearbook 
2021–2023, national agricultural product cost-benefit data compilation 2021–2023.
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329,000 hectares of land resources, thereby improving the overall 
land resource utilization efficiency in China and contributing to 
the sustainable use of land resources. However, this has also 
resulted in a waste of 2.58 billion cubic meters of water, indicating 
that there is room for improvement in irrigation technologies in 
these regions.

Hebei and Shandong are both key vegetable production and 
distribution hubs, alongside other significant vegetable-producing 
provinces such as Hebei, Guizhou, and Jiangsu. These areas are vital 
“vegetable basket” bases that play an essential role in supporting the 
overall vegetable circulation pattern in China. In addition to their 
advantageous natural resources, the concentrated scale of operations 
in Hebei and Shandong contributes to their status as some of the most 
efficient provinces in terms of water and land resource utilization for 
vegetable cultivation. In recent years, central government documents 
have emphasized the development of various forms of scale operations. 
For instance, the 19th National Congress report explicitly stated the 
need to “develop various forms of appropriately scaled operations and 
cultivate new types of agricultural business entities,” providing crucial 
policy guidance for the practical implementation of appropriately 
scaled operations. Innovations in scaling operations, such as land 
rental, full trusteeship, land shareholding, or land consolidation 
through “small plot for large plot” exchanges, have been encouraged 
(Niu et  al., 2021). Appropriately scaled operations can increase 
farmers’ enthusiasm for cultivation and enhance the efficiency of 
vegetable production on a larger scale.

Guizhou’s karst topography is widespread, resulting in small and 
scattered plots of land used for vegetable cultivation. Additionally, 
Guizhou is located at the intersection of the Yunnan-Guizhou Plateau 
and the Central Asian subtropical climate zones. The combination of 
relatively dispersed vegetable growing areas and relatively abundant 
climate and water resources leads to the lowest efficiency in water and 
land resource utilization for vegetable production in the country. At 
the same time, Guizhou is highly suitable for the development of the 
vegetable industry. The province has included the vegetable industry 
in its twelve key specialty industries, making vegetables the second-
largest crop in Guizhou’s agriculture after grain (Niu et al., 2021). In 
2020, Guizhou exported 11.3 million tons of vegetables to Guangdong, 
accounting for 8.72% of the national vegetable circulation volume, but 
this also resulted in a waste of 3.41 billion cubic meters of water, which 
is 11.91% of the water resources needed for Guangdong’s vegetable 
production. Additionally, it caused a waste of 150,000 hectares of land, 
accounting for 11.01% of the land resources required for Guangdong’s 
vegetable production. Similarly, Guangxi, Guangdong, and Yunnan 
also exhibit low efficiency in water and land resource utilization. 
Therefore, in regions with relatively abundant resources, improving 
water resource utilization efficiency and increasing the concentration 
of the planting industry in a manner suited to local conditions is of 
great importance for better achieving sustainable resource use 
in China.

In summary, it is evident that selecting vegetable production 
models tailored to local conditions, developing specialty planting 
industries, implementing appropriately scaled operations, and 
adopting reasonable vegetable circulation models, along with 
improving the efficiency of water and land resource utilization and 
enhancing irrigation efficiency in major production areas, are crucial 
for better meeting the diverse vegetable demands and achieving 
sustainable resource use in China.

4 Discussion and conclusion

4.1 Discussion

The findings of this study reveal that China’s interprovincial 
vegetable circulation involves substantial flows of virtual water and 
virtual land, exerting complex impacts on resource sustainability at 
both national and regional levels.

First, our study verified the robustness of the model results 
through sensitivity analysis. The analysis demonstrates that although 
fluctuations in the circulation loss rate and crop coefficient lead to 
proportional linear changes in the estimated values of virtual water/
land flows, the direction of virtual resource flows and the macro-level 
network structure among provinces remain unchanged. These results 
confirm that parameter uncertainty primarily affects the accuracy of 
absolute flow estimates, while the core conclusions of this study 
regarding the main pathways, key nodes, and balance conditions of 
virtual resource flows in China’s vegetable trade are robust. Future 
research could further enhance the accuracy of quantitative estimates 
by obtaining more localized and refined parameter data.

Second, our results indicate that major production hubs such as 
Shandong and Henan exhibit significantly higher water and land use 
efficiency in vegetable production compared to the national average. 
This observation aligns with the trend of regional specialization in 
vegetable production noted by Wu and Mu (2016), underscoring the 
importance of leveraging regional comparative advantages. By 
exporting vegetables, these provinces effectively act as conservators of 
national water and land resources. However, this also intensifies 
pressure on local resources—particularly water—and may exacerbate 
environmental externalities (Yang et al., 2022). The transfer of resource 
pressure and environmental costs across regions must be addressed in 
future policies aimed at promoting coordinated regional development.

Third, this study highlights that while interprovincial vegetable 
circulation improves the allocation efficiency of land resources, it 
may also reduce the overall efficiency of water use nationwide. This 
apparent paradox carries important policy implications. It suggests 
that current circulation patterns are likely driven more by economic 
factors—such as transportation costs and market demand—and 
land constraints, rather than by considerations of water 
sustainability. This resonates with Cai’s (2024) view on spatial 
resource mismatch but further indicates that addressing the 
imbalance of one resource (e.g., land) may come at the cost of 
aggravating the imbalance of another (e.g., water). Therefore, 
policies based on a single-resource perspective (e.g., focusing only 
on virtual water or virtual land) may be  insufficient; a more 
integrated approach that combines water and land resource 
management is needed. The multi-objective optimization 
framework (such as the water-energy-food-land nexus framework) 
proposed by Tan et  al. (2025) offers a valuable methodological 
pathway for designing such balanced strategies. Their approach, 
which integrates deep reinforcement learning and Copula-based 
risk assessment, can be adapted to our context of virtual resource 
flows in vegetable circulation. Utilize a Copula-based model (e.g., 
R-vine Copula) to assess the joint risk of water and land resource 
shortages in key vegetable production and consumption provinces, 
Circulation quotas or incentives can then be  adjusted based on 
regional risk profiles. For example, flows from regions with high 
joint resource risk (e.g., water scarcity coupled with land 
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degradation) could be  rationally reduced or conditioned on the 
adoption of water-saving technologies. Drawing on Tan et  al.’s 
Coupling Coordination Gravity Model (CCGM), the coordination 
degree of virtual water-land resources among provinces within the 
vegetable circulation network can be evaluated. Provinces with low 
coordination degrees (i.e., severe imbalance between water and land 
efficiency benefits) can be  identified. Targeted policies can then 
be  implemented, such as investing in water-saving irrigation 
infrastructure in these provinces or adjusting inter-provincial trade 
agreements, to enhance their coordination level and reduce 
systemic imbalances.

Moreover, the “proximity-first” regionalized characteristic 
observed in vegetable circulation presents a certain tension with the 
proposal by Zhou and Chen (2022) to establish “long-term docking 
mechanisms with external production bases.” While regional 
circulation helps reduce transportation costs and spoilage, it may also 
increase supply chain vulnerability in the face of regional climate 
disasters or market fluctuations. Thus, finding a balance between 
circulation efficiency and supply chain resilience represents an 
important direction for future research.

Finally, as noted by Jiang et al. (2015) and Ding et al. (2018), the 
relocation of urban vegetable supply bases has become an irreversible 
trend. This study quantifies the associated resource and environmental 
consequences from the perspective of virtual resource flows. This 
implies that ensuring the security of urban vegetable supply must no 
longer rely on outdated self-sufficiency models but should instead 
be integrated into nationwide resource and environmental planning. 
Establishing a synergistic governance mechanism that combines an 
“effective market” and a “proactive government” is essential to guide 
the formation of a vegetable production and circulation pattern that 
aligns with economic principles while respecting resource and 
environmental carrying capacities. Such an approach is crucial for 
achieving a sustainable transition of the agri-food system.

4.2 Conclusion

This study simulated the patterns of interprovincial vegetable 
circulation in China and quantified its resource effects based on the 
concepts of virtual water and virtual land. The main conclusions are 
as follows:

4.2.1 Circulation patterns
Interprovincial vegetable circulation in China is characterized by 

strong regionalization and proximity. North China and East China 
serve as core production and distribution hubs, with Shandong, 
Henan, and Hebei being the major exporting provinces, and 
Guangdong, Beijing, Shanghai and others acting as the main 
importers. Spatial mismatch between production and consumption is 
the fundamental driver of large-scale circulation.

4.2.2 Resource effects
Interprovincial vegetable circulation accounts for 28.15% of 

national water use and 18.76% of land use dedicated to vegetable 
production. While this circulation network improves the spatial 
allocation and utilization efficiency of land resources, it also leads to 
reduced efficiency in water use, highlighting an imbalance in the 
resource benefits of the current circulation pattern.

4.2.3 Policy implications
This study emphasizes the need for future agricultural policies to 

adopt an integrated approach that coordinates water and land 
management, moving beyond single-resource optimization. While 
leveraging the decisive role of the market and regional comparative 
advantages, governments should guide production and circulation 
through scientific planning, with a focus on improving irrigation 
efficiency in major production areas. This will help balance multiple 
objectives including national vegetable supply security, sustainable 
resource use, and environmental protection.

The original contribution of this study lies in its systematic 
construction of a nationwide interprovincial vegetable circulation 
network and its coupled analysis of the impacts on both water and 
land resources. It provides new evidence for understanding the 
resource and environmental effects of agricultural product 
circulation in China and offers a scientific basis for designing 
strategies for the sustainable transformation of the agri-
food system.

4.3 Limitations and future research

The analysis in this study is based on several key parameter 
assumptions. Critical parameters such as circulation loss rates and 
crop coefficients were adopted using uniform national values or 
simple weighted averages, which do not fully account for differences 
in regional logistics efficiency or variations among vegetable types. 
This approach was primarily necessitated by the difficulty in 
obtaining high-resolution parameter data for multiple vegetable 
categories across all 31 provincial-level regions in China. The 
simplification was employed to establish a national-scale benchmark 
assessment. However, this approach may lead to deviations in 
estimating the scale of virtual water and land flows—potentially 
overestimating flows in regions with underdeveloped logistics 
infrastructure while underestimating them in areas with high 
logistics efficiency.

In addition, due to the lack of data on interprovincial vegetable 
trade volumes and flows, as well as inconsistencies in the statistical 
calibers of vegetable production and consumption data from the 
National Bureau of Statistics, this study did not fully account for 
vegetables consumed in dining-out occasions, used for processing, or 
lost during production and circulation. This may lead to inaccuracies 
in the total vegetable demand estimation.

Although this study provides valuable insights into the overall 
direction of vegetable flows and the trends in resource reallocation, 
we  should interpret the absolute values of interprovincial virtual 
resource flows with caution. Future research could improve the 
accuracy and reliability of simulations by collecting more detailed, 
category-specific and region-specific parameter data, and by 
developing dynamic parameter models that better reflect actual 
interprovincial virtual water–land resource flows (Ren et al., 2024).
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