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A B S T R A C T

Agricultural trade can balance regional supply and demand but also induces spatial transfers of ecological 
pressure. However, few studies have combined the spatial transfers of ecological pressures with economic 
benefits to explore spatial mismatch and inequality. Understanding this relationship can reveal underlying 
reasons for the dilemma between economic development and ecological conservation. This study uses China as 
an example, combines the Lund-Potsdam-Jena Dynamic Global Vegetation Model with an environmentally 
extended multiregional input-output model to track spatial flows of Human Appropriation of Net Primary Pro
ductivity (HANPP) across provinces and establishes an Ecological Pressure Inequality index to quantify 
inequality by comparing them with value-added flows in time and space. The results show that northeast China 
bored net HANPP from central and western region, but it still need transferred 17.36 million yuan to those 
regions in 2012, in contrast, central China bore only 16.59% of the net HANPP yet still receiving 45.02% of the 
net value-added, revealing a significant spatial mismatch. After 2015, despite the increase in net HANPP 
transferred from western region to the northeast region, the net value added transferred to the northeast has been 
declining. At the provincial level, Anhui, Hunan, and Sichuan provinces transitioned toward dual-benefit posi
tions, gaining economic advantages while offloading ecological pressure, whereas Jilin remained in a loss–loss 
state, suffering both ecological and economic deficits. Distant trade contributes more significantly to ecological 
inequality than adjacent trade. Stratified analysis reveals that variations in transportation accessibility, fiscal 
priority, and mechanization jointly characterize the structural heterogeneity of the mismatch across provinces. 
The study also emphasizes that distant trade cross-regional governance requires attention in ecological 
compensation. The methodology and insights offer valuable guidance for addressing similar sustainability 
challenges in other countries experiencing rapid economic development and regional disparities.

1. Introduction

Since the industrial revolution, the Earth's system has entered the 
Anthropocene epoch, where human activities have been the predomi
nant driver of global environmental changes (Reader et al., 2022; Steffen 
et al., 2011). This leaves developed regions facing a dual challenge: 
declining agricultural production capacity because of the occupation of 
agricultural land and ecological resources by urban expansion (Wang 
et al., 2012), and rising demand for agricultural products driven by 
population influx (Liang et al., 2021). Inter-regional agricultural trade 
can effectively mitigate human-land conflict caused by tight land re
sources. As consumption regions obtain agricultural goods and services 

from beyond their borders, production regions must bear the additional 
ecological resource pressures caused by others' demands through agri
cultural trade (Du et al., 2024). Consequently, ecological resource bur
dens are transferred along the supply chain from consumption to 
production, further intensifying cross-regional imbalances and unequal 
ecological pressure (Lyu et al., 2024).

A promising approach to measure human dominance over land
scapes and pressure on ecosystems is the concept of “Human Appro
priation of Net Primary Production (HANPP)” (Casas-Ledón et al., 2023; 
Haberl et al., 2007). Net primary production (NPP) refers to the biomass 
produced by plants through photosynthesis and is the most fundamental 
and indispensable resource in the ecosystem (Wackernagel et al., 2021). 
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Human land-use activities such as agriculture, forestry, and grazing 
inevitably interfere with and utilize part of the NPP (Lyu et al., 2024). 
Based on this, the HANPP quantifies the portion of NPP appropriated by 
humans for economic purposes and is considered a suitable metric for 
assessing human-induced ecological resource pressure.

The assessment of HANPP is receiving increasing scholarly attention 
(Haberl et al., 2014; Wang et al., 2024b). Existing HANPP measures 
typically adopt either production-based or consumption-based HANPP 
(Erb et al., 2009; Haberl et al., 2014). The production-based HANPP 
assesses the appropriation of ecological resources within the territory of 
a region (Krausmann et al., 2013). Haberl et al. (2007) found that the 
territorial HANPP in Southeast Asia was more than three times higher 
than that in north America. However, part of the territorial HANPP 
stems from the consumption of other regions through trade, meaning 
that these figures do not fully reflect the spatial transfers driven by cross- 
regional trade (Weinzettel et al., 2019). The consumption-based HANPP 
can trace the HANPP embodied in goods consumed within a region, thus 
capturing the ecological impact of human consumption (Roux et al., 
2022). This reflects a spatial disconnection between production and 
consumption (Wiedmann and Lenzen, 2018). For example, production- 
based agricultural HANPP is concentrated in major producers such as 
Brazil, China, and the U.S., whereas large economies tend to show the 
highest consumption-based HANPP (Liang et al., 2023). Therefore, 
countries with relatively low domestic production can still appropriate 
extensive ecological resources globally owing to high consumption de
mand. Many studies have revealed the HANPP flows embedded in 
agricultural trade at the national level by comparing production-and 
consumption-based HANPP (Erb et al., 2009; Liang et al., 2023; Wang 
et al., 2024a). However, research on the intra-national spatial transfers 
of HANPP remains scarce despite similar phenomena occurring within 
countries.

Moreover, existing research has rarely analyzed the spatial transfers 
of HANPP alongside another critical factor in trade: economic gain 
(value-added). Trade is profit-driven. Inter-regional exchanges not only 
cause HANPP flows but also generate economic benefits (Zhang et al., 
2023). Many less-developed regions seeking economic growth and 
poverty alleviation intensively export primary ecological resources (e.g., 
raw grains, forestry products, fisheries, and livestock) to earn income 
(Pan et al., 2022). Because of their limited technological capacity and 
underdeveloped industrial structures, these areas rely on exporting 
minimally processed agricultural goods, which yield low value-added 
and poor economic returns. Consequently, ecological pressure in
tensifies while local economies remain stagnant (Pan et al., 2022; Qi 
et al., 2024). Developed regions import “low value-added, high 
ecological pressure” products from less-developed areas, and export 
“high value-added but low ecological resource pressure” products in 
return. This leads to an imbalance between the spatial transfer of 
ecological pressure and economic benefits, thereby exacerbating inter
regional ecological inequality (Su and Ang, 2014; Zhang et al., 2023). 
Such inequality manifests not only as a spatial disconnect between 
ecological pressure and economic benefits but also in the uneven dis
tribution of environmental costs across regions (Zhang et al., 2018a).

According to the above analyses, although the HANPP embodied in 
agricultural consumption has attracted increasing attention, three crit
ical research gaps remain. First, as the largest administrative unit for 
regional governance, provinces play a central role in formulating land 
use, ecological compensation, and development strategies. Thus, un
derstanding intra-national HANPP flow is essential for designing equi
table and effective sustainability policies. However, most existing 
studies focus on international trade, with limited attention paid to 
HANPP transfers within national borders. Second, current research often 
treats HANPP as an isolated ecological indicator (Liang et al., 2023; 
Wang et al., 2024a), overlooking its relationship with value-added 
flows. This lack of integration hinders a comprehensive understanding 
of the ecological–economic tradeoffs and spatial inequalities embodied 
in agricultural trade. Third, trade flows connect regions that are distant 

from the geographic boundaries (Liu, 2023; Xu et al., 2020). Compared 
with adjacent trade, distant trade often obscures ecological impacts and 
may be neglected by policymakers (Jia et al., 2024; Xiao et al., 2024). 
However, no study has systematically compared HANPP flows and 
ecological inequality between adjacent and distant trade relationships, 
leaving it unclear whether the spatial effects of trade vary with regional 
contiguity.

Over the past four decades, China has experienced unprecedented 
urbanization. To ensure food security and protect farmland, the gov
ernment established seven major agricultural production zones under 
major function-oriented zones and implemented policies, such as the 
occupation-compensation balance for cultivated land. These measures 
have concentrated agricultural land in remote and less-developed re
gions, increasing reliance of developed areas on external ecological re
sources. Meanwhile, extensive cross-regional transportation networks 
have facilitated the efficient flow of agricultural products, further 
intensifying intra-national ecological resource transfer. As a result, 
ecological resources from remote rural areas are continuously funneled 
toward urban centers. Research has shown that although China has 
achieved ecological resource self-sufficiency, significant regional dis
parities remain (Du et al., 2021) because of its vast territory, diverse 
resource endowments, and pronounced economic heterogeneity across 
provinces (Wei et al., 2020; Zhang et al., 2023). As one of the most 
populous countries and the world's second-largest economy, China 
provides a representative case for exploring the spatial transfers of 
HANPP within national borders as well as the domestic ecological 
inequality embodied in agricultural trade.

To address the research gap summarized above, we used China as a 
case study and applied the HANPP indicator to represent ecological 
pressures. We first used a dynamic global vegetation model (LPJ-DGVM) 
and multisource data to calculate production-based HANPP. Based on 
this, we integrated production-based HANPP into an environmentally 
extended multiregional input–output (MRIO) model to calculate the 
consumption-based HANPP in 2012, 2015, and 2017. We then traced 
the spatial transfer and temporal trends in the net HANPP and value- 
added flows embodied in agricultural trade. Finally, we extended the 
widely used Pollution Terms of Trade (PTT) framework (Antweiler, 
1996), by replacing “pollution” with HANPP and then applied a sym
metric and bounded standardization to improve the stability and 
comparability of the index without introducing distortion. Since differ
ences in ecological inequality between adjacent and distant trade re
lationships remain unclear, we further classified agricultural trade into 
adjacent trade (Trade among provinces sharing a border) and distant 
trade (Trade among provinces hat do not share a common boundary) 
based on topological contiguity and compares their respective impacts 
on ecological pressure transfers and inequality (Anderson, 2003). The 
findings of this study, which highlight regional disparities, can support 
decision-makers in seeking region-specific strategies to alleviate 
ecological resource pressures and promote balanced economic 
development.

2. Method

2.1. Methodology framework

A flowchart of the study methodology is shown in Fig. 1. We adopted 
the HANPP indicator to represent ecological pressure. In the first step, 
we employed the Lund-Potsdam-Jena Dynamic Global Vegetation Model 
(LPJ-DGVM) to simulate potential NPP (NPPpot), and used remote 
sensing land-use data and socioeconomic statistics to derive the actual 
NPP (NPPact) and human-harvested NPP (HANPPharv). These three 
components were used to calculate the production-based HANPP. By 
integrating HANPP with input–output data, we applied an environ
mentally extended multiregional input–output (EE-MRIO) model to es
timate the consumption-based HANPP embodied in interprovincial 
agricultural trade. In the second step, the provinces are divided into four 
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major regions (the regions corresponding to each province are listed in 
Table S7). MRIO analysis was used to trace inter-provincial and regional 
flows of both HANPP and value-added and to calculate their net flows, 
capturing the spatial transfer and temporal dynamics of ecological 
pressure and economic benefit. Based on these two indicators, we con
ducted a cluster analysis to categorize provinces with similar trade 
patterns. In the third step, we constructed an EPI indicator based on the 
HANPP and value-added flows to quantify bilateral inequality between 
provinces as well as the overall inequality within each province. Finally, 
we distinguish between adjacent and distant trade modes, and compare 
their contributions to ecological inequality.

2.2. Calculating HANPP

HANPP quantifies the reduction of potential ecosystem productivity 
due to human activities. It is conceptually defined as the difference 
between the potential NPP under natural vegetation (NPPpot) and the 
NPP remaining in ecosystems under current land use. Meanwhile, 
HANPP can be decomposed into two additive components: the biomass 
directly appropriated by humans through harvest (HANPPharv) and the 
productivity reduction caused by land use/cover change (HANPPlucc), 
where HANPPharv is calculated as the difference between (NPPpot) and 
actual NPP (NPPact) (Haberl et al., 2007, 2014). This can be represented 
by the following equation: 

HANPP = HANPPharv +HANPPlucc (1) 

HANPPlucc = NPPpot–NPPact (2) 

NPPpot was simulated using the Lund–Potsdam–Jena Dynamic Global 
Vegetation Model (LPJ-DGVM) (Sitch et al., 2003), which dynamically 
couples carbon and water cycles and has been widely validated in pre
vious ecological studies. The specific method is described in Supple
mentary 1.1.

The calculations of HANPPharv and NPPact were divided into four 
categories: cropland, forest, grassland, and settlements. For croplands, 
HANPPharv include both the primary crop yield and crop residues. Used 
and unused aboveground harvest residues were deduced from yield data 
using harvest factors (Krausmann et al., 2013). NPPact equal the sum of 

HANPPharv and pre-harvest losses because of herbivory and weeds 
(Krausmann et al., 2013). For forests, HANPPharv include industrial 
wood, bamboo, and fuelwood extraction, as well as timber harvested for 
domestic use. Based on Krausmann et al. (2013), NPPact was assumed to 
be similar to NPPpot , meaning minimal productivity loss due to land use. 
HANPPharv of grassland was calculated as the difference between the 
total calculated feed requirement of roughage consuming livestock and 
the total feed available from commercial feed and crop residues used as 
feed. NPPact of grassland were categorized as natural or artificial, and 
each was calculated differently (Haberl et al., 2007). For settlement and 
infrastructure areas, HANPPharv represents vegetation removed or 
managed due to human occupation (e.g., mowing, maintenance) 
(Krausmann et al., 2013).

Supplementary 1.2 and 1.3 explain the detailed methodology for 
calculating NPPpot, HANPPharv, and NPPact. The HANPP calculated here 
is the production-based HANPP referred to below.

2.3. MRIO analysis

An environmentally extended MRIO model was used to estimate 
provincial and regional HANPP and value-added transfers embodied in 
trade within China from 2012 to 2017. MRIO is suited to tracing direct 
and indirect flows across regions within a unified accounting frame
work. This model has been extensively developed to investigate envi
ronmental pollution and resource depletion associated with trade, 
including air pollution (Chen et al., 2018a, 2018b; Zhang et al., 2018b), 
carbon emissions (Chen et al., 2017; Dong et al., 2022; Meng et al., 
2018), water consumption (Liu et al., 2019; Zhang and Anadon, 2014), 
land use (Chen et al., 2018a, 2018b; Yu et al., 2013), energy use (Lee 
et al., 2021).

The original MRIO dataset combines agriculture, forestry, animal 
husbandry, and fisheries into a single sector due to the data structure 
provided by the national input–output compilation. And the HANPP 
used in this study only reflects the ecological resources provided by 
terrestrial ecosystems. To ensure consistency between the MRIO table 
and the HANPP, we have revised the MRIO dataset to exclude the fishery 
component from the aggregated “agriculture” sector, following a widely 

Fig. 1. Methodology framework.
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applied method supported by Wenz et al. (2015). Specifically, for each 
province and year, we calculated the share of fishery gross output in the 
total gross output of farming, forestry, livestock, and fisheries, and then 
proportionally adjusted the corresponding intermediate and final de
mand matrices in the MRIO model using a gross output weighted pro
portional scaling method (Du et al., 2025).

The fundamental linear equation can be represented as: 

X = (I − A)− 1Fj = LFj (4) 

Here, X =
(
xi

k

)
is a vector of the total output of sector k in region i; 

Fj=(f ij
k ) is region j’s final demand for goods of sector k from region i; A is 

a technical coefficient matrix with elements 
(

aij
ks

)
which is derived from 

aij
ks = zij

ks/xi
k, where zij

ks represents the intersector monetary flows from 

sector k in region i to sector s in region j; L = (I − A)− 1
=

(
lijks

)
is the 

Leontief inverse matrix that captures both direct and indirect inputs 
required to satisfy one unit of final demand in monetary values; and I is 
the identity matrix.

The consumption-based HANPP and economic benefits embodied in 
agricultural trade can be calculated by combining the monetary MRIO 
table with information on the use of the HANPP and value-added. The 
complete details and formula for calculating consumption-based HANPP 
are provided in Supplementary 1.4.

2.4. Ecological Pressure Inequality (EPI) index

We developed an EPI indicator based on the concept of the Pollution 
Terms of Trade (PTT). The PTT proposed by Antweiler (1996) measure 
the environmental gains or losses that a country obtains through inter
national trade. Simply, it is the ratio between the pollution content per 
dollar of exports and that per dollar of imports. When imported goods 
contain higher pollution intensity than exported goods, a country gain 
environmentally. This PTT index since been widely applied and modi
fied to reflect trade imbalances and long-term ecological inequalities. 
For example, Wang et al. (2020) used sulfur dioxide emissions as a proxy 
for pollution to assess environmental inequality in China's trade, and 
Zhang et al. (2023) replaced pollution with carbon emission to construct 
the Emission Terms of Trade for CO₂. We adapted this approach to focus 
on ecological pressure rather than pollution. Following this approach, 
we replace pollution with HANPP to couple ecological pressure with 
economic benefits in interprovincial trade.

First, we calculate the inequality between the two provinces in 
bilateral trade: 

Rij =
CHANPPij/CVij

CHANPPji/CVji (5) 

Since Rij = 1/Rji, this formulation faces two issues: (1) the values are 
not symmetric between trading pairs, making bilateral comparisons and 
aggregation difficult, and (2) the ratio can vary over several orders of 
magnitude, causing instability and overemphasis on extreme cases.

To resolve this, we standardized the ratio using a symmetric, boun
ded transformation: 

EPIij =
Rij − 1
Rij + 1

(6) 

The EPI value ranges from − 1 to 1, where negative values indicate 
that province i gains higher economic returns relative to its ecological 
pressure (trade advantage), and positive values indicate that province i 
bears higher ecological pressure relative to its economic gains (trade 
disadvantage). Values near zero represent balanced ecological–eco
nomic exchanges, while larger absolute values reflect stronger 
inequality between trading partners. Sensitivity analysis of the EPI 
metric can be found in Supplementary 2.

Based on this, we calculate the average EPI for each province across 

all trading partners: 

EPIi =
1
n
∑n

j=1
EPIij (i ∕= j) (7) 

We further classified provincial trading partners into adjacent and 
distant groups based on topological contiguity. Specifically, we define 
adjacent trade as trade flows between provinces that share a common 
administrative boundary, and distant trade as flows between provinces 
that do not share a common boundary. This adjacency-based definition 
emphasizes topological rather than metric proximity and is widely 
adopted in spatial econometric and interregional trade studies 
(Anderson, 2003; Xu et al., 2020). For each province, we then calculated 
the average EPI values separately for its adjacent and distant trading 
partners to compare the ecological–economic relationships. The classi
fication of adjacent and distant partners is provided in Supplementary 
Table S8.

2.5. Stratified analysis

To further explore the potential socioeconomic and technological 
factors affecting the mismatch between ecological pressure and eco
nomic benefits, we conducted a stratified analysis of the EPI. This 
method compares the distributional differences of EPI under varying 
socioeconomic conditions to reveal structural characteristics. Four 
representative indicators were selected to capture variations in agri
cultural prices, transportation accessibility, fiscal priorities, and mech
anization levels: (1) Agricultural value-added deflator, calculated as the 
ratio of agricultural value added at current prices to that at constant 
prices multiplied by 100, which reflects changes in the agricultural 
output price level relative to the base year; (2) Transportation accessi
bility, measured by highway density, defined as the ratio of total high
way length to the provincial area; (3) Agricultural fiscal priority, defined 
as the proportion of budgetary expenditure on agriculture, forestry, and 
water affairs to total general public budget expenditure, reflecting the 
internal fiscal emphasis on the agricultural sector; and (4) Mechaniza
tion level, proxied by total agricultural machinery power per unit of 
arable land, representing the intensity of agricultural technological 
equipment across provinces. Unlike the other indicators, agricultural 
value-added deflator is inherently time-dependent. The deflator reflects 
the relative change in agricultural prices against a moving base year and 
is affected by nationwide inflation, input costs, and grain procurement 
policies. To isolate spatial differences in price structures from overall 
temporal fluctuations. The stratified analysis was conducted separately 
for 2012, 2015, and 2017, thereby capturing EPI responses under 
different price contexts. For each indicator, provinces were divided into 
three groups (low, middle, and high) based on the tertile distribution of 
the indicator values. The distributions of EPI across the three strata were 
then compared to evaluate whether EPI differed significantly under 
different socioeconomic conditions. Statistical significance was assessed 
using the Kruskal–Wallis H test, followed by pairwise Wilcoxon rank- 
sum tests to identify differences between groups.

2.6. Data source

The driving data of the LPJ-DGVM included meteorological variables 
(temperature, precipitation, cloud cover, and wet days), soil texture, and 
CO2 concentrations. Table S1 lists all the input datasets and their sour
ces. We used socioeconomic statistics from the China Statistical Year
book, China Animal Husbandry Yearbook, and China Forestry Statistical 
Yearbook to calculate the HANPPharv and NPPact across Chinese prov
inces. For the grassland NPPact, the spatial distribution of natural and 
artificial grasslands was identified using an annual 30-m global grass
land map (Parente et al., 2024). To estimate HANPPharv in settlement and 
infrastructure areas, we used built-up land data from the Global Artifi
cial Impervious Area product developed by Tsinghua University from 
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Landsat images and auxiliary datasets (Gong et al., 2020). In this data
set, built-up areas represent the spatial extent of settlement and infra
structure areas in each province.

The 2012, 2015, and 2017 China MRIO tables were obtained from 
the CEADS database (Zheng et al., 2021). The database consists of 42 
industrial sectors and 31 provinces in China, in which final consumption 
is divided into five parts: rural resident consumption, urban resident 
consumption, governmental consumption, capital formation, and in
ventory increase. All data required for stratified analysis can be found in 
the China Statistical Yearbook.

3. Results

3.1. Comparison of production-based and consumption-based HANPP 
embodied in agricultural trade

Consumption- and production-based HANPP exhibited distinct 
spatial heterogeneity across China (Fig. 2). By 2017, most central and 
eastern provinces had achieved that the consumption-based HANPP 
exceeded the production-based HANPP in 2017, indicating these regions 
relied heavily on external ecological resources. In contrast, most 
northeastern and western provinces exhibited the consumption-based 
HANPP was lower than the production-based HANPP, demonstrating 
these areas were net ecological providers. Affluent and developed re
gions were typically consumption-dominant, whereas less-developed 
regions are production-dominant.

Regional differences emerged clearly in temporal trends. Most cen
tral provinces experienced continuous increases in consumption-based 
HANPP, while Many eastern provinces showed declining trends. In the 
central region, Henan, Hunan, Jiangxi and Shanxi provinces transi
tioned from production dominance to consumption dominance between 
2012 and 2017, reflecting increased local biomass demand driven by 

urbanization and dietary changes, while local production lagged due to 
land constraints or stagnating yields. As the two most developed cities in 
China, Shanghai and Beijing, both recorded the highest HANPP ratios 
during this period but showed different trajectories. Shanghai had the 
highest consumption-based HANPP in 2012 (HANPP ratio = 0.91) but 
declined continuously over the following five years. Beijing's 
consumption-based HANPP initially decreased but rebounded to surpass 
Shanghai in 2017, reaching the highest ratio in China (0.81).

The average self-supply rate (i.e., the portion that is produced for 
self-consumption divided by the total consumption-based HANPP) 
across provinces continued to decline, reaching 53.68% in 2017. This 
indicates growing dependence on external sources for agricultural and 
ecological needs and rising regional specialization through trade. Self- 
supply rates in major eastern coastal regions remained consistently 
low. Over a five-year average, only 7.08% and 6.69% of the biomass 
consumed in Shanghai and Beijing, respectively, were sourced from 
local production, while the remainder was imported from other regions. 
In contrast, agricultural provinces such as Heilongjiang and Inner 
Mongolia had the highest production-based HANPP but consumed only 
38.42% and 45.89% locally, respectively, indicating that a significant 
share of ecological pressure on agricultural land in these areas stemmed 
from external consumption via trade.

3.2. Spatial transfer of HANPP and value-added embodied in agricultural 
trade for regions and provinces

The spatial transfers of HANPP and value added revealed a clear 
mismatch between ecological pressure and economic benefits across 
China's regions (Fig. 3a–f). From 2012 to 2017, the central region im
ported decreasing HANPP to the eastern regions, while simultaneously 
exporting increasing HANPP from the western and northeastern region. 
And, the net HANPP outflow from the central region tend to flow into 

Fig. 2. Comparison of production-based and consumption-based HANPP for each province during 2012–2017. The blue bars on the left and the orange bars on the 
right represent production-based HANPP and consumption-based HANPP, respectively. The internal line within each bar indicates the portion that is produced for 
self-consumption. The circles reflect the comparison between consumption-based HANPP and production-based HANPP in each province, i.e., the HANPP ratio. A red 
circle border denotes a shift in position (from left to right or right to left) compared to the previous year. The circle's fill color indicates changes in the HANPP ratio, 
with red signifying an increase and green signifying a decrease relative to the previous year. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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the western region. In 2012, compared to the west and northeast, the 
central region bore the least HANPP(16.59%), yet received 45.02% of 
the net value-added from the other three regions, as the largest benefi
ciary with 312.32 million yuan in net economic gains. After 2015, the 
central region began transferring net value-added to both the north
eastern and western regions. By 2017, a new imbalance emerged: the net 
HANPP transferred from the central region to the western was 2 times 
that transferred to the northeastern region, whereas the net value-added 
flow to the west was 4 times that transferred to the northeast. From 2012 
to 2017, the central region bears an average annual net HANNPP of 
12.84%, and receives only 29.94% of the net value added.

The eastern region was the largest net HANPP exporter and the 
largest net value-added transfer to the other three regions. However, 
both net HANPP and value-added outflows decreased gradually over 
time (HANPP: 191.54 TgC in 2012, 166.56 TgC in 2015, 128.42 TgC in 
2017; Value-added: 650.94 million yuan in 2012, 524.85 million yuan in 
2015, 414.07 million yuan in 2017). After 2015, eastern regions tend to 
transfer more net value added to western regions. There is also a phe
nomenon of spatial mismatch here: on average, the eastern region 
transfer of net HANPP to the central regions amounts to half of that to 
the northeastern region, whereas the net value added directed to the 
central region is 1.6 times that directed to the northeastern region.

The northeastern region bore increasing ecological pressures trans
ferred from the other three regions, totaling 66.65 TgC in 2012, 89.05 
TgC in 2015, and 78.21 TgC in 2017. In 2012, although the northeast 
bored 8.53 TgC net HANPP from central and western region, but it still 
need transferred 17.36 million yuan to those regions. In 2015 and 2017, 
despite the increase in net HANPP transferred from west to the northeast 
(rising from 10.44 TgC in 2015 to 17.33 TgC in 2017), the net value 
added transferred to the northeast has been declining. From 2012 to 
2017, the northeastern region bears an average annual net HANNPP of 
36.90%, yet receives only 23.93% of the net value added.

The western region bored net HANPP from the central and eastern 
regions, and transferred net HANPP to northeast. It has received the 
most net HANPP over the past five years, and its share of net value added 
rose substantially from 38.12% in 2012 to 60.21% in 2017, making it the 
largest recipient of net economic gains after 2015. From 2012 to 2017, 
the western region bears an average annual net HANNPP of 50.26%, and 

receives 46.12% of the net value added.
Analysis of the top five provincial pairs for net HANPP and value- 

added flows revealed changing patterns over time (Fig. 3g–i). In 2012 
and 2015, the largest net HANPP flows occurred from the eastern coastal 
provinces to Inner Mongolia and Heilongjiang. By 2017, the largest net 
HANPP flow shifted from Jilin Province to Heilongjiang, indicating a 
more dispersed pattern of HANPP transfers nationwide. Guangdong 
consistently had the largest net economic outflow of value-added flows. 
In 2012 and 2015, it primarily transferred value-added to the eastern 
and central provinces; however, by 2017, the main recipients had shif
ted to closer provinces in the western region.

Provincial classification based on net HANPP and value-added flows 
revealed four distinct groups with evolving patterns (Fig. 4). Group I 
(blue) includes many provinces in the central, northeastern, and western 
regions, characterized by net imports of both HANPP and value-added, 
indicating these provinces bear ecological pressure while gaining eco
nomic benefits. Many provinces were located in Group I from 2012 to 
2017; however, the number gradually decreased over time. Group III 
(yellow) consists mainly of developed eastern provinces, such as 
Guangdong, Beijing, Shanghai, and Zhejiang, and is defined by net ex
ports of both HANPP and value-added, suggesting they outsource 
ecological pressure by compensating for other regions economically. 
Group III expanded over time, with new members emerging from the 
central and western regions.

Groups I and III represent relatively balanced situations in which 
regions either bear ecological pressure while receiving economic gains 
or transfer ecological pressure while losing economic benefits. However, 
this balance was disrupted in some provinces. Provinces such as Anhui, 
Sichuan, and Hunan moved from Group I to Group IV, becoming dual 
winners by gaining value added while exporting ecological pressure. In 
contrast, Jilin fell into Group II (lost-lose), with negative net flows of 
both HANPP and value-added.

Some provinces moved toward more balanced positions. Inner 
Mongolia shifted from a lost–lost position to Group I after 2015 as its 
trade benefits improved. Similarly, Jiangsu moved from Group IV to 
Group II in 2015, becoming a province with net ecological gains but 
economic losses.

Fig. 3. Changes in the net flow of HANPP and value-added for regions and provinces. Fig. a-c, Net HANPP flows between regions in (a) 2012, (b) 2015, (c) 2017. 
Fig. d-f, Net value-added flows between regions in (d) 2012, (e) 2015, (f) 2017; Fig. g-i, Top 5 pairs for net HANPP flows and net value-added flows between 
provinces in (g) 2012, (h) 2015, (i) 2017.

K. Lei et al.                                                                                                                                                                                                                                       Environmental Impact Assessment Review 119 (2026) 108379 

6 



3.3. Quantification of inequality in agricultural trade based on EPI 
indicator

The EPI analysis revealed that the number and intensity of unequal 
trade relationships increased substantially by 2017 (Fig. 5). The most 
extreme bilateral inequality occurred between Guangdong and Qinghai 
in 2017, with an EPI value of 0.96 for Qinghai relative to Guangdong 
and − 0.96 in reverse. This represents the most severe bilateral 
inequality, indicating that to obtain the same amount of added value as 
Guangdong, Qinghai had to bear 52 times more ecological pressure.

In addition, we calculate the average EPI value for each province 
based on bilateral agricultural trade with all other provinces. This value 
reflects the ratio between the HANPP per unit of value-added exports 
and HANPP per unit of value-added imports, offering a comprehensive 
measure of each province's trade position relative to that of the 
remaining provinces. As shown in Fig. 5d, most central and eastern 
provinces, with the exception of Shanxi, Shanghai, and Tianjin, were in 
an advantageous position from 2012 to 2017, with average EPI values 
below 0. This indicates that they receive more value-added per unit of 
HANPP than they give, meaning that their economic compensation is 
insufficient to offset the ecological pressure that has shifted to other 
regions. Among them, Zhejiang, Fujian, and Guangdong provinces had 
the lowest EPI values, indicating the highest levels of ecological inequity 
in their favor. In contrast, most provinces in the northeastern and 
western regions (excluding Liaoning, Chongqing, Guangxi, Shaanxi, and 
Sichuan) were disadvantaged, with average EPI values above zero, 
indicating that they bear more HANPP per unit of value added received 

than they export. Gansu, Inner Mongolia, and Qinghai had the highest 
EPI values, suggesting that they were the most disadvantaged in terms of 
their ecology and economics.

By combining the EPI and HANPP ratios, we assigned four distinct 
labels to the 30 provinces (Fig. S1). Most affluent provinces fell into 
Group II: HANPP exporters with a trade advantage, meaning that they 
shifted ecological pressure while remaining net beneficiaries. The 
farther a province is from the origin, the more pronounced this pattern 
becomes, as in Zhejiang and Guangdong provinces. Many less-developed 
provinces with abundant ecological resources, such as Guizhou, Jilin, 
and Inner Mongolia, fall into Group IV, indicating that they supply 
ecological pressure while remaining at a disadvantage in trade. Several 
central provinces are located in Group III, representing HANPP im
porters with a trade advantage; that is, they bear HANPP transferred 
from other regions while remaining in a relatively advantaged position. 
Notably, a shift was observed from Group III to Group II between 2012 
and 2017. Provinces such as Hunan, Jiangxi, Henan, Anhui, and Sichuan 
transitioned from net HANPP importers to net exporters while still 
maintaining an advantageous trade position.

3.4. Differences in ecological inequality between adjacent and distant 
trade

Comparison of adjacent and distant trade scenarios revealed signif
icant differences in ecological inequality patterns (Fig. 6). At the 
regional level, the EPI values for adjacent trade were generally closer to 
zero than those for distant trade, indicating that trade with adjacent 

Fig. 4. Classification of 30 provinces according to net flows of HANPP and value- added embodied in agricultural trade from 2012 to 2017. Fig. a, The temporal 
change of the groups. The horizontal axis represented the net value-added, and the vertical axis referred to net HANPP. A positive net flow value-added indicates that 
it bears ecological pressure from, or receives economic benefit from other provinces, while a negative net flow value-added indicates that the province transfers 
ecological pressure or pays economic benefits to other provinces. The three connected points of the same color connected by arrows represent each province's values 
in 2012, 2015, and 2017, with the direction of the arrows indicating the progression to the next year. If a province's values remained similar across all three years, 
only a single point is shown on the graph to represent the average value over the three years. Fig. b-d, Spatial distribution of the groups in (b) 2012, (c)2015 and (d) 
2017. The colors of the groups in Fig. a represent the legends in Fig. b c d.
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provinces tends to be more equitable than trade with distant provinces 
(Fig. 6b). The central region was disadvantaged in adjacent trade but 
becomes advantaged in distant trade. In contrast, the northeast region 
was advantaged in adjacent trade but shifted to a disadvantaged position 
under distant trade. The eastern region remains consistently advan
taged, whereas the western region is persistently disadvantaged in both 
trade scenarios. At the province level, distinct patterns emerged between 
adjacent and distant trade relationships. Anhui, Jiangxi, and Hainan 
were disadvantaged when trading with adjacent provinces but shifted to 
advantaged positions under distant trade. Conversely, Xinjiang and 
Liaoning were advantaged under adjacent trade but became disadvan
taged under distant trade from 2012 to 2017 (Fig. 6a).

4. Discussion

4.1. Stratified analysis on the drivers of the ecological - economic 
mismatch

To design targeted intervention measures for improving the balance 
between ecological pressure and economic benefits, we selected four 
indicators, namely the agricultural value-added deflator, transportation 
accessibility, agricultural fiscal priority, and mechanization level, to 
stratify the EPI, comparing its variations across different socioeconomic 
levels in terms of agricultural prices, transportation costs, fiscal 

priorities, and technological levels. The stratified analysis aims to 
identify potential underlying factors that may explain the heterogeneity 
of ecological–economic relationships among provinces.

Across 2012, 2015, and 2017, pairwise comparisons among the low, 
middle, and high groups based on the agricultural value-added deflator 
are not significant (Fig. 7a), indicating that provincial differences in 
price levels were not systematically associated with the EPI during the 
study period. China's grain price support policies have played an 
important role in stabilizing domestic grain markets since 2004, with the 
variance of grain prices declining from 1.7% to 0.98% (Lyu and Li, 
2019). These national price-support arrangements effectively stabilized 
domestic prices while simultaneously suppressing interprovincial price 
transmission (Huang and Yang, 2017). Consequently, under such a 
stable pricing regime, variations in agricultural price levels did not 
constitute a dominant source of spatial heterogeneity in the EPI.

The stratified analysis based on provincial transportation accessi
bility reveals a clear and significant gradient in the ecological–economic 
trade mismatch (Fig. 7b). Provinces with lower transportation density 
exhibit significantly higher EPI values than those with medium or high 
densities, while the difference between the latter two groups is not 
significant. This indicates that regions with poorer transportation 
accessibility tend to experience stronger mismatches, bearing greater 
ecological pressure relative to economic returns. Limited connectivity 
constrains the ability of resource-producing provinces to integrate into 

Fig. 5. Inequality embodied in agricultural trade based on EPI indicator from 2012 to 2017. Fig. a-c, EPI value between two provinces in (a) 2012, (b) 2015, and (c) 
2017. The vertical axis shows the EPI index of the focal province relative to other provinces, and the horizontal axis shows the EPI index of other provinces relative to 
the focal province. Fig. d, The average EPI for each province from 2012 to 2017. A value of EPI less than 0 indicates that the province or regions is in an advantageous 
position when trading with other provinces or regions, while a value of EPI greater than 0 indicates the opposite.
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broader value chains and capture value-added benefits, as high trans
portation costs hinder the outward flow of agricultural and ecological 
goods and restrict access to downstream markets (Egger et al., 2023). 
Consequently, ecological pressure remains localized in low access areas, 
whereas the corresponding economic benefits are realized mainly in 
well-connected consumption centers. This finding aligns with recent 
evidence that improved transport networks improve urban-rural income 
gap (Lu et al., 2022), boost regional productivity and reduce spatial 
disparities (Banerjee et al., 2020), and deepen national market 

integration (Egger et al., 2023). As transportation density increases, the 
EPI approaches zero, suggesting that better connectivity promotes a 
more balanced relationship between ecological pressure and economic 
benefit. However, the insignificant difference between the medium and 
high groups suggests a potential threshold effect, where additional 
infrastructure brings diminishing returns once basic connectivity is 
achieved. Therefore, policy efforts should prioritize transportation in
vestment in under-connected, ecologically burdened provinces.

For agricultural fiscal priorities, stratified results showed that EPI 

Fig. 6. Comparison of EPI value under adjacent trade and distant trade for (a) each province and (b) each region. A value of EPI less than 0 indicates that the 
province or regions is in an advantageous position when trading with other provinces or regions, while a value of epi greater than 0 indicates the opposite.

Fig. 7. Comparison of EPI values across different (a) agricultural value-added deflator, (b) transportation accessibility, (c) agricultural fiscal priorities, and (d) 
mechanization level. * indicates the significance of pairwise comparisons (* p < 0.05; ** p < 0.01; *** p < 0.001), and no labeling means no significant difference 
between the two groups.
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increases with higher fiscal priority, with pairwise differences being 
significant (Fig. 7c), suggesting that provinces allocating a larger budget 
share to agriculture-related functions tend to be those where ecological 
pressure outweighs economic returns. This may be because regions with 
heavier ecological burdens or weaker value-added performance allocate 
a higher internal share to agriculture, forest, water resources, and 
related management. Such expenditures often emphasize farmland and 
irrigation infrastructure, conservation programs, and ecological man
agement, which may not translate into short term value-added gains. 
Xiao et al. (2025) take transfer payment policy for China's national key 
ecological functional zones as an example, and find that there is het
erogeneity and diminishing marginal incentives, suggesting that we 
need to emphasize the system design and absorptive capacity, rather 
than only pursuing intensity. Therefore, future fiscal reforms should 
shift from expansionary spending toward a strategy emphasizing sus
tainable transformation and value retention, with priority given to 
supporting green innovation, ecological compensation mechanisms, and 
industrial chain upgrading in resource-based regions, so that the inter- 
provincial EPI gap that can be narrowed.

The stratified analysis based on the agricultural mechanization level 
reveals a significant downward trend in EPI across mechanization strata 
(Fig. 7d), indicating that increasing mechanization is consistently 
associated with a reduction in the ecological–economic trade mismatch. 
It suggests that provinces with more advanced mechanization tend to 
achieve more efficient agricultural production systems that better inte
grate ecological resource use with economic performance (Peng et al., 
2022). Recent empirical research supports this conclusion. Studies have 
demonstrated that higher mechanization rates substantially improve 
agricultural productivity and resource-use efficiency (Zheng et al., 
2021). Furthermore, cross-provincial analyses reveal that agricultural 
mechanization contributes to green total factor productivity and pro
motes sustainable intensification by reducing unit environmental pres
sure while maintaining output growth (Lu et al., 2024). From a policy 
perspective, the findings highlight that technological upgrading through 
mechanization is an effective approach to mitigate the ecological–eco
nomic mismatch.

4.2. Applicability of the tele-coupling framework

We observe that for most provinces, the Top 3 outbound HANPP 
destinations are non-adjacent provinces (Table S9). This indicates that 
ecological pressure is more strongly connected to distant partners than 
to nearby ones. Such a pattern is not fully consistent with Tobler's First 
Law of Geography, which states that “everything is related to everything 
else, but near things are more related than distant things (Tobler, 
1970).” The observed pattern suggests that the spatial organization of 
ecological pressure flows cannot be explained solely by geographic 
proximity. Spatial interactions in agricultural trade are increasingly 
shaped by market forces, institutional arrangements, transportation 
infrastructure, and policy incentives rather than geographic proximity 
alone. As described in the tele-coupling framework (Liu, 2017), flows 
such as information, material, and energy flows can replace physical 
proximity to connect two or more systems (Liu, 2023). The emergence of 
a tele-coupling framework signals that geographic constraints on 
resource flows have weakened or even reversed (Manning et al., 2023). 
This is particularly relevant for understanding how China's extensive 
transportation networks and policy interventions have facilitated distant 
agricultural trade flows.

Beyond the significantly higher HANPP in distant trade, we also 
found that ecological–economic inequality is more pronounced in 
distant trade relationships than in adjacent ones (Fig. 6b). In other 
words, distant interactions tend to generate stronger or more disruptive 
transboundary effects than nearby interactions. Similar results have 
been reported in other studies. For example, Jia et al. (2024) showed 
that geographically distant countries experienced greater disruptions in 
food production and trade during the Russia–Ukraine war. Xiao et al. 

(2024) found that synergistic effects transmitted through trade were 
14.94% stronger between non-adjacent countries than between neigh
boring ones.

There are two key reasons that can explain why distant trade re
lationships exhibit higher ecological–economic inequality. First, the 
similarity in agricultural structures among adjacent provinces reduces 
the comparative advantages of adjacent trade (Xu et al., 2020), 
encouraging ecological pressures to shift toward more distant provinces 
with different production systems and resource endowments. This 
spatial specialization partly explains why distant trade bears greater 
ecological costs. Second, tele-coupled relationships often involve remote 
agricultural regions (e.g., Guizhou, Gansu, Qinghai, and Heilongjiang) 
that rely on low-value-added primary production and face institutional 
and infrastructure constraints. In contrast, peri-coupling relationships 
benefit from stronger coordination, information flow, and feedback 
mechanisms, enabling consumption regions to better recognize ecolog
ical costs and negotiate compensatory responses.

In summary, our study found that both the spatial transfer of the 
HANPP and the inequality between the HANPP and value-added flows 
were more pronounced in distant trade than in adjacent trade. More
over, the ecological pressure embodied in distant trade is often less 
visible and difficult to trace. Therefore, greater attention must be paid to 
addressing inequalities associated with distant agricultural trade.

4.3. Policy implication for ecological compensation

Our results show pronounced ecological–economic inequalities in 
interprovincial agricultural trade, with stronger effects in distant trade. 
These patterns call for a evidence-based compensation framework that 
reflects spatial disparities in trade linkages, informed by HANPP flows 
and EPI metrics.

First, the HANPP indicator should be integrated with regional 
ecological resource endowments to identify vulnerable areas facing high 
ecological pressure from agricultural production (Wang et al., 2024c). 
These regions, often face ecosystem-carrying capacity challenges and 
are prone to irreversible risks such as land degradation and biodiversity 
loss (Godfray et al., 2018; Liang et al., 2023). Therefore, restricted 
production zones should be designated to prevent ecological imbalance 
from overexploitation. Meanwhile, economic compensation should be 
provided at the national level through fiscal transfer payments, green 
development funds, and so on, to balance ecological conservation with 
development opportunities (Zhou et al., 2022).

In addition, build an ecological pressure tracking platform to link 
production with consumption regions and enhance the visibility of 
ecological costs in distant trade. Based on inter-provincial agricultural 
trade data and spatial HANPP flows, the platform can visualize 
embedded ecological costs, support bilateral compensation and 
ecological investment, and disclose information through footprint maps, 
product labeling, and public accounts. Integrate the EPI to monitor 
bilateral and provincial inequalities and to guide compensation and 
restoration consistent with the beneficiary-pays principle (Ding et al., 
2022; Du et al., 2023).

Furthermore, embed EPI index and mapped HANPP flows into 
regional development planning and national ecological governance 
frameworks. Incorporate these indicators into inter-provincial collabo
ration, rural revitalization, and agricultural modernization strategies so 
that provinces with high EPI values receive priority in restoration, in
dustrial adjustment, and funding, while beneficiary provinces co-finance 
restoration in source regions. These steps translate empirical evidence 
into actionable policy tools for mitigating spatial inequality.

4.4. Implications and limitations

This study considers China as a representative case. The interpro
vincial focus is essential for two reasons. First, the COVID-19 pandemic 
exposed the instability of the international trading system and its risks to 
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regional resource security (Barlow et al., 2021; Nguyễn and Phan, 
2025).taxi In response, China proposed a dual-circulation development 
pattern in which the domestic economic cycle plays the leading role 
while the international cycle serves as its extension and supplement. 
This shift implies that interregional flows within China are poised to 
supersede international trade as the key driver of sustainable develop
ment (Zhuang et al., 2023). Second, the principal policy instruments 
such as ecological compensation, cropland protection and offsets, fiscal 
transfers, and industrial support are designed and implemented largely 
at the provincial level. Aligning measurement with the governance scale 
is therefore necessary to inform who compensates whom and by how 
much. Against this backdrop, analyzing China's interprovincial ecolog
ical resource flows provides timely and policy-relevant evidence for 
regional coordination under the domestic-circulation framework.

From our study, we found that distant trade has a greater ecological 
and economic impact than adjacent trade. This pattern of spatial 
transfer. Although demonstrated in China, this pattern is not unique. It 
also occurs in other developed and developing countries (Fang et al., 
2021), experiencing rapid urbanization and regional disparities. For 
example, in the United States, the average indirect land use of urban 
residents is approximately 23 times greater than their direct land use, 
indicating a substantial displacement of land use beyond urban areas 
(Zeng and Ramaswami, 2020). Similar cross-boundary displacement can 
also be observed at the national scale globally (Kirchner and Schmid, 
2013; Wang et al., 2024d). Over 70% of the HANPP embodied in agri
cultural production in Latvia, Canada, and Ireland has been linked to 
exports to other EU countries such as Germany, Italy, and France (Liang 
et al., 2023). Therefore, the methodology and policies proposed in this 
study are broadly applicable to other cross-regional production-con
sumption systems, both within China and other countries.

Nonetheless, this study has several limitations. First, although we 
used the most up-to-date and detailed available MRIO tables, they still 
lack the capacity to fully reflect China's rapidly evolving economy and 
ecological governance. Because of data constraints, our latest year was 
2017. However, in 2018, the Chinese government implemented a 
revised cropland protection policy that allowed cross-provincial crop
land displacement, replacing previous within-province restrictions. This 
reform is expected to accelerate the spatial displacement of grain pro
duction (Yang et al., 2020) and may further intensify the ecological 
pressure transfers driven by interprovincial trade (Ke et al., 2020). 
Therefore, our results may not fully reflect the most recent trends, and 
should be interpreted with this temporal lag in mind. Second, China's 
MRIO tables aggregate farming, forestry, livestock, and fisheries into a 
single “agricultural” sector. This limits our ability to differentiate 
ecological pressures from distinct production activities, such as crop
ping, grazing, and deforestation. This limits a more nuanced analysis 
and sector-specific policy recommendations. Third, China, as a net 
importer of ecological resources, imported approximately 53.59 TgC of 
HANPP from abroad in 2017 (Du et al., 2025). As a major participant in 
global agricultural trade, China's ecological pressures are inevitably 
influenced by international trade (Sun et al., 2018). For example, the 
substitution effect can reduce domestic ecological pressures by replacing 
domestic agricultural production with imports. While, the complemen
tarity effect operates through the import of intermediate products that 
stimulate the expansion of downstream industries, thereby influencing 
both ecological pressures and economic returns across provinces. 
Consequently, international agricultural trade can reshape the redistri
bution of HANPP and value added among Chinese provinces through 
these substitution and complementarity effects. Future research should 
further expand the analytical boundary by integrating China's subna
tional MRIO framework with global MRIO and HANPP satellite ac
counts, in order to comprehensively assess ecological–economic 
inequalities at both domestic and international scales under multi-scale 
tele-coupling processes. Finally, our distinction between adjacent and 
distant regions is based on administrative boundary contiguity rather 
than explicit distance thresholds. While this topology-based 

classification is consistent with the meta-coupling framework and 
appropriate for our research focus, it is important to acknowledge that 
the notions of neighboring and distant are context dependent, and there 
is no universally recognised distance metric that unequivocally sepa
rates them (Liu, 2017). For studies that aim to investigate mechanisms 
more closely related to physical distance (e.g., transport costs or 
distance-decay effects), it would be valuable to identify distant regions 
using alternative distance thresholds and to compare how the estimated 
impacts of transboundary interactions vary across these thresholds. 
Future work could therefore complement our contiguity-based approach 
by incorporating distance-threshold and continuous-distance analyses to 
provide a more refined understanding of spatial interaction patterns.

5. Conclusions

This study presents a comprehensive assessment of the inequality of 
ecological pressures and economic benefits embedded in inter- 
provincial agricultural trade in China by integrating the HANPP and 
MRIO models. We reveal that although the northeastern region bore the 
largest ecological pressure, the western region received greater eco
nomic benefits, leading to a spatial mismatch in the regional transfers of 
ecological pressure and economic benefits. The northeastern China 
bored 8.53 TgC net HANPP from central and western region, but it still 
need transferred 17.36 million yuan to those regions in 2012, in 
contrast, central China bore only 16.59% of the net HANPP yet still 
receiving 45.02% of the net value-added, revealing a significant spatial 
mismatch. After 2015, despite the increase in net HANPP transferred 
from western region to the northeast, the net value added transferred to 
the northeast has been declining. At the provincial level, heterogeneous 
trajectories were observed: provinces such as Anhui, Hunan, and 
Sichuan transitioned toward a dual-benefit position, gaining economic 
advantages while offloading ecological pressure, whereas Jilin remained 
trapped in a lose-lose state, suffering both ecological and economic 
deficits. Some provinces, such as Inner Mongolia and Jiangsu, moved 
toward a more balanced trade status, reflecting improvements in 
ecological-economic equity over time. Trade inequalities intensified in 
both frequency and severity, with most central and eastern provinces 
consistently advantaged and many western and northeastern provinces 
disadvantaged. The most extreme case observed between Qinghai and 
Guangdong demonstrates that to obtain the same value-added, Qinghai 
must bear 52 times more ecological pressure than Guangdong. Accord
ing to the EPI value, most central and eastern provinces remained in 
advantaged positions under agricultural trade, whereas many north
eastern and western provinces remained in disadvantaged positions. For 
both the spatial transfer of the HANPP and the inequality between the 
HANPP and value-added flows, trade with distant provinces tended to be 
more significant than trade with adjacent provinces. Stratified analysis 
revealed structural heterogeneity. Provinces with better transportation 
accessibility and higher mechanization levels tended to show a more 
balanced ecological–economic relationship, whereas those with higher 
agricultural fiscal priority often faced persistent mismatches, as a larger 
share of their budgets was directed to farmland and ecological man
agement with limited short-term economic returns. We also recommend 
identifying ecologically vulnerable regions for targeted protection and 
compensation, establishing a national ecological pressure network 
platform to visualize interprovincial HANPP flows, and integrating EPI 
into compensation frameworks. These measures would enhance trans
parency and enable the fair distribution of both ecological costs and 
economic benefits, especially under distant trade relationships. The 
methodology and insights from this study offer valuable guidance for 
addressing similar sustainability challenges in other countries experi
encing rapid economic development and regional disparities.
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