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Abstract

The spatial mismatch between agricultural resources and market demand across China creates
significant challenges for food security and environmental management. Although interprovincial
agricultural trade can alleviate regional food supply pressures, substantial uncertainties persist
regarding the associated ammonia (NH3) emission transfers and their impacts on air quality and
human health. Here we fill this gap using a linear programming model to simulate interprovincial
trade flows of 26 individual agricultural products, combined with high-resolution NH; emission
inventories and air quality simulation. We found that interprovincial trade-related NH;3 emissions
reached 2.94 Tg in 2019, accounting for 28.1% of total agricultural NH3 emission, with
predominant transfers from eastern and southern China to northern and central China. These
trade-related NH;3 emissions contributed 2.6 g m— to annual PM, 5 concentrations and caused
252 016 associated premature deaths. Mortality response to trade-related NH3 emissions exhibited
spatial heterogeneity across China, driven by regional variations in population density and PM; 5
sensitivity to NH3 emissions. Agricultural trade generated disproportionate health impacts, with
Central China, Southwest China, North China, and Northeast China collectively receiving a net
inflow of 28 776 premature deaths. Our results demonstrate that a cross-provincial ecological
compensation mechanism needs to be established to balance agricultural trade’s impact on food
security, air quality, and human health.

1. Introduction

Agricultural trade plays a crucial role in address-
ing the spatial mismatch between production and
demand across regions, particularly in countries with
heterogeneous resource distribution like China (Feng
et al 2013, Wei et al 2020). While agricultural trade is
essential for food security, it also results in the transfer
of environmental impacts across regions. With food
system responsible for more than 80% of total ammo-
nia (NH3) emissions (Huang et al 2012), significant

© 2025 The Author(s). Published by IOP Publishing Ltd

trade-driven transfers of NH3; emissions occur from
importing to exporting regions. As a major alkaline
gas, NHj facilitates the formation of secondary inor-
ganic aerosols, thereby increasing the concentration
of PM, 5 and associated premature mortality (Burnett
et al 2014, Xie et al 2016, Fu et al 2017, Geng
et al 2021), which indicates that agricultural trade
can reshape the spatial patterns of PM, 5 pollution
and redistribute health burdens through the trans-
fer of NH; emissions. The combination of substan-
tial reductions in acidic gas emissions and critically
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insufficient NH;3 emission controls has elevated NH;
emission as a dominant driver of PM; 5 pollution in
China (Wang et al 2011, Bai et al 2019, Liu et al
2019, Gu et al 2021, Guo et al 2024). Reducing agri-
cultural NH; volatilization while satisfying the food
demand is strategically required to mitigate haze pol-
lution (Zhan et al 2020).

To date, China has implemented policies to con-
trol agricultural NH; emissions, such as the 14th Five-
Year Plan’s proposed 5% reduction in NH3 emissions
from large-scale livestock farms in heavily polluted
regions, implementation of family farm development
programs, and Zero Growth of Chemical Fertilizers
Plan (Li et al 2024). However, these policies primar-
ily control NHj3 emissions and improve air quality
from a nitrogen management perspective, with lim-
ited consideration of trade-related aspects. In 2018,
a revised cropland protection policy was introduced
in China to allow cross-provincial cropland displace-
ment, potentially increasing agricultural trade and
embodied NH3 emission transfers (Yang et al 2020).
Consequently, managing agricultural trade-related
NH; emissions is critical for both food security and
sustained air quality improvement. Here, the ‘trade-
related NH; emissions’ for a given province refers to
the NH; emissions generated by that province during
the production of agricultural products exported to
other provinces, specifically emissions from fertilizer
application and livestock waste.

NH; emission transfers through the global trade
network can be quantified by global multi-regional
input—output (MRIO) models, which have been
applied to measure resource and greenhouse gas
transfers embodied in agricultural trade at both
global and national scale (Yang et al 2012, Qiang
et al 2013, Zhuo et al 2016, Ali et al 2017, Liu
et al 2018, 2021, 2023, Wu et al 2018, Wang et al
2019b, Chen et al 2022, Zhang et al 2023, Ju et al
2024, Pan et al 2024). Ma et al explored the mitiga-
tion potential of global ammonia emissions by ana-
lyzing the role of the international trade network
(Ma et al 2021). Nevertheless, how agricultural trade
restructures regional NH; emissions and their envir-
onmental impacts in China remains poorly quanti-
fied, particularly at the provincial level. This know-
ledge gap largely persists due to the lack of stat-
istical data on species-specific interprovincial agri-
cultural trade. Additionally, methodological chal-
lenges in accurately quantifying NH3 emission trans-
fers embodied in agricultural trade, stemming from
inherent limitations of MRIO models, further con-
tribute to this knowledge gap. MRIO models have
been a frequently employed approach for simulating
emission transfers through interregional trade (Ma
etal 2021, Liu et al 2023, Ju et al 2024, Pan et al 2024).
However, MRIO model applications to quantify the
flows of embodied emission often provide limited
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insights when accounting specifically for individual
agricultural products, which has prevented research-
ers from accounting for the composition of traded
products when quantifying the NH;3 emission trans-
fers. Limited by MRIO models, previous research
commonly applied average NH; emission intensities
to estimate emission transfers (Ma et al 2021), disreg-
arding substantial provincial variations in the com-
position of traded products, which introduces sig-
nificant uncertainties in the quantification of NHj
emission transfers. Additionally, spatial distribution
differences among crop and livestock species were
often overlooked in previous research, which com-
monly assumed a uniform trade-related fraction of
NH; emissions (Lin et al 2014, Zhang et al 2017,
Lenzen et al 2018, Ma et al 2021). Consequently, res-
ults derived from MRIO models exhibit considerable
uncertainties in both the total volume and spatial dis-
tribution of trade-related NH; emissions.

Compared to MRIO models, linear program-
ming (LP) models offer advantages for simulating
detailed interprovincial trade of individual agricul-
tural products (Wang et al 2019a, Dalin et al 2014),
allowing us to incorporate these previously over-
looked factors into our research. This method enables
more accurate quantification of NH3 emission trans-
fers and deepens our understanding of NH; emis-
sion transfers associated with specific agricultural
products. Reduced uncertainty in the spatial patterns
of agricultural trade-related NH; emissions improved
the accuracy of our simulations of PM,5 pollu-
tion attributable to these emissions, better reflecting
real-world conditions. Additionally, this advantage
enables more precise understanding of how agricul-
tural trade influences health burden across regions.

Here, we employ a LP model to simulate inter-
provincial trade patterns of 26 agricultural products
in China and integrate these patterns with a high-
resolution NH; emission inventory to quantify the
embodied NHj; emission transfer amounts of dif-
ferent agricultural products and their spatial dis-
tribution characteristics. Subsequently, we integrate
the Goddard Earth Observing System Chemical
Transport Model (GEOS-Chem) with the global
exposure mortality model (GEMM) to explore the
spatial differences in contribution of trade-related
NH; emissions to PM, 5 concentrations and associ-
ated premature mortality, while also analyzing the
regional differences in the sensitivity of premature
deaths to trade-related NHj emissions and its influ-
encing factors. Finally, we characterize the health bur-
den transfers embedded within China’s interprovin-
cial agricultural trade networks. This study provides
critical insights into cross-provincial environmental
impacts of agricultural trade in China, thereby
informing the development of NH;3 emission reduc-
tion policies that promote environmental equity.
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2. Methods

2.1. NH3 emission inventory

To obtain the NH; emissions per unit yield of agricul-
tural products, we established a 2019 NH; emission
inventory for mainland China with a 5’ x 5’ resolu-
tion. The gridded NH; emissions in 2019 were calcu-
lated based on Li et al (Li et al 2021, 2024). A total of
50 sources were considered, including livestock waste,
fertilizer application, synthetic ammonia, transport-
ation, and biomass burning. The gridded NH; emis-
sions were calculated using equation (1):

Exm, =322 2 S Aijik X EFiji (1)
FRER

where i, j, and k represent the specific grid cell, source
type, and month, respectively. A denotes the activity
level, and EF represents the corresponding emission
factor. The 2019 planted cropland area and animal
population data were obtained from the National
Bureau of Statistics of China (NBS 2020). The 2019
fertilizer application rates per unit area of farm-
land were sourced from the China Agricultural Cost—
Benefit Information Compilation (NDRC 2020). The
NH; emissions inventory established here improved
on previous EF estimates of livestock waste and fer-
tilizer application by considering the effects of soil
properties, fertilizer types, temperature, and precip-
itation (Zhang et al 2018, Li et al 2021). The dates
and times of fertilizer application were also compre-
hensively accounted for improving the corresponding
estimation of monthly NH; emission distributions.

2.2.NH3 emission transfer embodied in
interprovincial agriculture trade

In our study, we simulate the interprovincial trade
flow of agricultural products using a LP optimiza-
tion procedure that follows the CHINAGRO model
framework. CHINAGRO is modeled based on the
principle of transportation cost minimization and has
been previously used to simulate interregional agri-
cultural trade in China (Fischer et al 2007). Herein,
the trade flow was obtained based on several hypo-
theses. First, to simplify the model, this study does
not consider the influence of international trade on
China’s interprovincial agricultural product trade,
which means the total supply (S) of traded agricul-
tural products was equal to the total demand (D).
This assumption is based on China’s high agricultural
self-sufficiency rate, with major NH;-emitting agri-
cultural products including rice, wheat, maize, veget-
ables, fruits, beef, lamb, pork, poultry, mutton, and
eggs achieving self-sufficiency rates of 93%-100%
(Huang and Xie 2022, Wang et al 2024). Second, it is
assumed that agricultural products can flow between
provinces through three transportation modes: rail-
way, highway, and waterway. This study considered
26 agricultural products: early season rice, second
rice, single-cropping rice, semilate rice, wheat, maize,

3
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soybean, potato, groundnut, rapeseed, cotton, sug-
arcane, sugar beet, tobacco, vegetables, apple, pear,
orange, pork, beef, mutton, poultry, eggs, milk and
rabbit. For a given agricultural product, the flow
volume from province i to j equals the sum of flow
volumes through all three transportation modes, as
shown in equation (2):

Tijk = Tijke+ Tijir + Tijkw )

where T; ; x represents the total volume of agricultural
products k exported from province i toj. Ti k. r» Ti,jik,rs
and Tj;,. represent the transportation volume of
agricultural products k from province i to j by railway,
highway, and waterway, respectively. We calculated
the interprovincial agriculture trade flow by minim-
izing the total transportation cost of trade for each
product, as shown in equation (3):

31 31

min ) > Cije X Tijke+ Cijr X Tijir+ Cijow
i=1j=1
X Tijkw

31
st. > Tijke+ Tijkr + Tijikow = Djk

i=1

31
> Tijke+ Tijber + Tijkow < Sik
=1

3)
where C; 1, Cij > and C; ;,, represent the unit weight
transportation costs by railway, highway, and water-
way from provinces i to j, respectively. D;  represents
the demand for agricultural product k in province j;
Si k represents the production supply of agricultural
product k in province i.

The interprovincial NHj transfer matrix for agri-
culture trade is obtained by summing the NHj3 trans-
fer matrices of all agricultural product varieties, as
shown in equations (4) and (5):

A= zk:Ak (4)
0 VAFl,Z,k VAF1,3l,k
VAFZ’I’]( 0 VAF2,31J<
Ax = . . .
VAF31,1,]< VAF31,2,]< N 0
(5)

where A represents the interprovincial NHj transfer
matrix for agricultural trade, Ay represents the NH;
transfer matrix for agricultural product k. VAF;
denotes the NH; emissions transferred from province
ito j, which is the product of agricultural product flow
volume and NHj; emissions per unit of agricultural
product, as shown in equation (6):

E;,

VAFji=Tijx X 5 (6)
where E; i represents the NH3 emissions from agricul-
tural product k in province i, P; x represents the pro-
duction of agricultural product k in province i.
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2.3. Air quality simulations and assessment of
health impacts

Simulations of NH3, PM; 5, and their associated spe-
cies were performed using the nested version of
GEOS-Chem global CTM v.13.4.1 at 0.5° x 0.625°
resolution (see text S1). The attributable premature
mortality rates from PM, 5 exposure were then quan-
tified using the newly developed GEMM (Burnett
et al 2018, Guo et al 2020, Geng et al 2021) (see
text S2). Here the impacts due to the four leading
causes of death: chronic obstructive pulmonary dis-
ease, lung cancer, ischemic heart disease, and stroke
are considered. The baseline mortality rates and their
95% confidence intervals of these diseases in each age
group were obtained from the global burden of dis-
ease (GBD) 2019.

2.4. Health burden transfer embodied in
interprovincial agriculture trade

Here, we calculated the health burden transfer (num-
bers of premature deaths) embodied in interprovin-
cial agriculture trade base on an assumption that the
contribution of one source to the disease burden of
PM, 5 is directly proportional to its share of the total
export-related NH; emissions for each province, as
shown in equation (7):

VAL,

Mortfloat, , = Mort X =i —
p.d prade X ST VAR (7)

where Mort,, iraqe Tepresents export-related mortalit-
ies in province p. Mortfloat, ; represents the health
burden flow from province p to g. VAF, ; represents
the NH3 emissions transferred from province i to ;.

3. Results

3.1. NH3 emission transfer embodied in
interprovincial agriculture trade
We categorize China into seven distinct geographical
regions: North China (NC), Northeast China (NEC),
East China (EC), Central China (CC), South China
(SC), Southwest China (SWC), and Northwest China
(NWC) (table S1). To quantify NH; emission trans-
fer embodied in interprovincial agriculture trade, we
simulated the interprovincial trade patterns of 26
agricultural products in China (see text S3 for details).
In 2019, the total volume of interregional agricultural
trade was 622.1 Mt, which accounted for 35.1% of
total agricultural production in China. We estimate
domestic grain circulation at 443.3 Mt, which shows
high consistency with other studies (Zuo et al 2023)
and is generally consistent with the official data of
576.0 Mt reported by SINOGRAIN (China’s largest
agricultural reserve group) (SINOGRAIN 2020).

We established a 2019 NHj; emission invent-
ory for mainland China to obtain NHj3 emission
intensity per unit yield of agricultural products

J Liu et al

(figure S4). NH; emission intensity varied sub-
stantially across agricultural products (figure S5).
Livestock products exhibited significantly higher
emission intensity (30.0 kg t~!) compared to crop
products (2.7 kg t~!). Among crops, sugarcane exhib-
ited the lowest NH; emission intensity (0.3 kg t™!)
and cotton the highest (35.3 kg t™!), while in
the livestock sector, poultry meat (6.5 kg t=! )
and beef (296.2 kg t™!) represented the lowest
and highest intensities, respectively. Notable regional
variations in NH3 emission intensity were observed
for identical agricultural products (figure S5). For
instance, the emission intensity of wheat ranged
from 1.9 kg t~'in Heilongjiang to 14.3 kg t™! in
Inner Mongolia, primarily due to substantial regional
differences in fertilizer application rates, with urea
application for wheat cultivation in Inner Mongolia
(659.35 kg hm ) far exceeding that in Heilongjiang
(71.74 kghm—2) (NDRC 2020). The emission intens-
ity of beef varied from 98.6 kg t™' in Hebei to
854.0 kg t~! in Qinghai, mainly attributed to signi-
ficant regional disparities in livestock farming intens-
ification, with the intensification ratio of beef cattle
farming in Hebei (21%) substantially higher than in
Qinghai (5%) (Hu 2020).

The importation of agricultural products resul-
ted in the transfer of production-related NH;3 emis-
sions from importing to exporting regions. The total
NHj; emissions embodied in interregional trade were
2.94 Tg in 2019, which was 28.1% of China’s agri-
cultural emissions. Interregional NH;3 emission trans-
fers revealed a distinct flow from wealthier east-
ern and southern China to northern and central
China (figure 1). EC (0.86 Tg) and SC (0.84 Tg)
emerged as the primary NHj;-emission-exporting
regions, while NEC (0.55 Tg) and NWC (0.50 Tg)
were the main NHj-emission-importing regions.
Here, a province ‘importing’ NH3 emissions from
other provinces refers to the transfer of NH; emis-
sions associated with the production of these out-
flowed agricultural products to that province when
the province exports agricultural products to other
provinces; while ‘exporting’ NH; emissions repres-
ents the opposite, indicating the outward transfer of
NH; emissions when agricultural products flow into
the province. Among these regions, SC exhibited the
largest net emissions export (0.73 Tg), while NEC
showed the largest net import (0.41 Tg). Provincial
analysis identified Guangdong as the largest net
emission exporter (0.62 Tg) and Heilongjiang as
the largest net importer (0.27 Tg) (figure 2). The
most substantial interregional flow of NH3 emissions
occurred from EC to NEC (0.35 Tg). Notably, the
spatial distribution of NH; emission transfers exhib-
ited marked divergence from agricultural trade pat-
terns, primarily driven by regional heterogeneity in
traded product composition. For instance, SC, while
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Figure 1. NH; emission transfers embodied in interregional agricultural trade. (a), Total interregional NH3 emission transfers.
Interregional NHj transfers for rice (b), wheat (c), corn (d), soybeans (e), pork (f), beef (g), lamb (h), and dairy products (i).
Abbreviations for regions: NEC (Northeast China), CC (Central China), SC (South China), NWC (Northwest China), NC (North

China), SWC (Southwest China), and EC (East China).

being the greatest net NH; emission exporter, shows
the least net agricultural product imports (0.04 Mt).
This disparity is attributed to the significantly higher
proportion of livestock products in SC’s imports
(12.01%) compared to its exports (0.05%), with live-
stock products generally exhibiting higher emission
intensity.

Interregional crop trade resulted in NHj trans-
fers of 1932.5 kt, accounting for 43.3% of total crop-
related NH; emissions (figure S5(a)). The strongest
net outflow of crop-related NH; emissions occurred
in SC (238.7 kt), which was mainly flowed to NEC
(64.1 kt) and CC (62.8 kt). By contrast, NWC exper-
ienced the strongest net inflow (197.1 kt), predom-
inantly originating from EC (100.2 kt). Among crop
products, maize trade generated the largest NHj
emission transfers (562.0 kt), representing 29.1% of
total crop-trade-related NHj3 emissions. The most
significant transfer pathway was observed from EC
to NEC (131.8 kt), a major maize-producing region.
The total volume of NH; emissions flow caused by
interregional livestock trade was 1003.0 kt, account-
ing for 16.8% of total livestock-related NH;3 emissions

(figure S5(b)). SC demonstrated the largest net out-
flow of livestock-related NH3 emissions (488.8 kt),
while NEC showed the largest net inflow (234.6 kt).
SC’s emission outflow was primarily directed to
SWC (268.7 kt), while NEC’s emission inflow mainly
originated from EC (185.1 kt). Among livestock
products, beef trade dominated the livestock-related
NH; emission transfer (630.8 kt), accounting for
62.9% of the total. The transfer pathway from SC
to SWC exhibited the highest volume, with transfers
totaling 229.4 kt.

3.2. Impacts of trade-related NH3 emissions on
PM2.5 concentrations and human health

In 2019, trade-related NH; emissions contributed
2.6 ug m~? to annual PM; 5 concentrations across
mainland China, accounting for 16.1% of total PM; 5
levels. The spatial distribution of these contribu-
tions exhibited significant heterogeneity (figure 3(a)).
FElevated PM,s concentrations were identified in
CC (9.0 ug m—3), and EC (7.5 ug m~>), driven
by their notably high trade-related NH; emission
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Figure 2. Interprovincial transfers of agricultural NH3 emissions. (a) The spatial pattern of net NH3 emission transfers embodied
in interprovincial agricultural trade. The width of line represents the net flow volume of NHj3 emission, and arrows indicate
transfer direction. (b) Sum of NH3 emission transferred. Positive numbers indicate exports, while negative numbers represent
imports.
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Figure 3. Impacts of trade-related NH3 emissions on PM, 5 concentrations and human health. (a) PM, 5 concentrations induced
by export-related NH; emissions in 2019. (b) Attributable premature mortality due to export-related NH3 emissions. (c)
Provincial contributions of export-related NHj3 emissions to average PM, 5 concentrations and premature mortality.
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Figure 4. Spatial differences in population density, PM, 5 sensitivity to NH3 emissions, and mortality response to trade-related
NH3 emissions. (a) Provincial population density and PM, 5 sensitivity to NH3 emissions. (b) Provincial mortality response to
trade-related NH3 emissions. (c) Regional population density, PM, 5 sensitivity to NH3 emissions, and mortality response to

trade-related NH; emissions.

densities (1.15 t km~2 and 1.12 t km~2, respect-
ively), which substantially exceeded the national aver-
age (0.44 t km™2). At the provincial level, Hunan
(9.7 ug m—?), Anhui (9.6 ug m~?), and Shandong
(9.2 ug m—>) demonstrated the most substantial
contributions to PM, s concentrations from trade-
related NH; emissions (figure 3(c)). The high trade-
related NH; emission densities in Central and Eastern
China are driven by industrial structural transforma-
tions that have occurred over the past four decades.
With rapid industrialization in southeastern coastal
regions, extensive agricultural land has been con-
verted to industrial use while agricultural product
demand has increased rapidly, making these regions
highly dependent on agricultural supply from other
regions. In Guangdong and Guangxi, grain self-
sufficiency declined from nearly 70% in 1990 to
less than 40% in 2015 (Zuo et al 2023). Due to
water resource constraints, northwestern regions lack
the capacity for large-scale agricultural development.
In contrast, Central and Eastern China, benefiting
from favorable natural conditions, modern agricul-
tural technology adoption, and policy support, have
emerged as primary agricultural suppliers.

The spatial distribution of trade-related NHj;
emissions did not directly correspond to their impact
on PM,; 5 concentrations due to regional variations
in PM,5 sensitivity to NH; emissions (ug m~°
per kg NH; m~2 yr~!') (figure 4). SC’s trade-
related NH; emission density was only 29% of
that observed in CC, yet its contribution to PM; 5

concentrations reached 44% of CC’s levels, reflect-
ing SC’s highest PM, 5 sensitivity to NHj; emis-
sions, double the average across regions. Conversely,
NEC, a major grain-exporting region, despite hav-
ing trade-related NH;3 emission density at 74% of
CC’s level, contributed only 33% to PM, 5 concen-
trations relative to CC, attributable to NEC’s lowest
PM, 5 sensitivity to NH; emissions (0.59 times the
regional average).

The estimated premature mortality attributable
to PM, 5 exposure in 2019 was 1549 778 (95% CI
1229 480-1736 806) deaths, with 252 016 (95% CI
199 918-282 420) (16.3%) deaths associated with
agricultural trade-related NHj3 emissions. The spatial
patterns of trade-related PM, 5 concentrations closely
aligned with their impacts on premature mortality
(figure 3(b)), as regions with elevated PM,5 con-
centrations from trade-related NH; emissions coin-
cided with areas of high population density. EC
and CC exhibited the highest trade-related mortality,
accounting for 93 952 (95% CI 74 519-105 202) and
53 503 (95% CI 42 424-59 936) premature deaths,
respectively. At the provincial level, Shandong (22 494
(95% CI 17 836-25 199)), Henan (20 976 (95%
CI 16 632-23 497)), and Jiangsu (20 835 (95% CI
16 523-23 320)) recorded the highest numbers of
trade-related premature deaths. The spatial distribu-
tion of trade-related NH; emissions showed substan-
tial divergence from their contribution to premature
mortality (figure 3), primarily due to regional vari-
ations in population density and PM; 5 sensitivity to
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Figure 5. Health burden transfers (number of premature deaths) through agricultural trade. (a) Interregional transfers of health
burden. The width of ribbons denotes the volume of health burden flow. The connection between regions indicates the health
burden transfer and the color of ribbons in line with the exporter. (b) Sum of health burden transfers at provincial level. Positive
numbers indicate exports, while negative numbers represent imports. Abbreviations for regions: NEC (Northeast China), CC
(Central China), SC (South China), NWC (Northwest China), NC (North China), SWC (Southwest China), and EC (East China).

NHj; emissions. For instance, NEC, while accounting
for 15.7% of national trade-related NH;3 emissions,
contributed only 5.5% to national trade-related pre-
mature mortality. This discrepancy stemmed from its
lower mortality response to trade-related NH; emis-
sions (24 deaths Gg~! compared to the national aver-
age of 67 deaths Gg™!), resulting from the region’s
lower population density, lower baseline PM, 5 con-
centrations, and reduced PM; 5 sensitivity to NH3
emissions.

The spatial disparities between trade-related NHj3
emissions and premature mortality reflect the com-
plex relationships between agricultural trade and its
impact on health burden. We analyzed spatial differ-
ences in population density, PM, 5 sensitivity to NH;
emissions, and mortality response to trade-related
NH; emissions (figure 4). For convenience, we nor-
malized these regional values by dividing each vari-
able in each region by its national average. Mortality
responses to trade-related NH; emissions exceeded
national averages in SC, EC, CC, and NC, while
remaining below average in SWC, NEC, and NWC.
The high value in SC (2.1) was primarily attrib-
uted to higher population density (2.6) and PM,5
sensitivity to NH; emissions (1.8). The low value in
NEC (0.4) resulted mainly from lower PM, 5 sensit-
ivity to NH; emissions (0.6). The contrasting pop-
ulation densities between NEC and SC reflect the
spatial difference in economic development, where
rapid economic development in eastern and southern

coastal provinces has driven population migration
from the predominantly agricultural NEC. The sig-
nificant differences in PM, 5 sensitivity to NH; emis-
sions between SC and NEC likely stem from distinct
atmospheric NH; saturation states, with SC being
NHj;-limited and NEC being NHj3-rich. Notably, SC
and NEC are the largest net exporter and importer of
NH; emissions respectively, suggesting that agricul-
tural trade can prevent additional premature deaths
by redistributing emissions from densely populated,
NH;-limited regions to sparsely populated, NHj;-rich
regions. These findings suggest that optimizing trade
structures based on regional population density and
atmospheric NH; saturation could mitigate health
burden from food system in future agricultural and
environmental policies.

3.3. Health burden transfer embodied in
interprovincial agriculture trade

To track the origins of health impacts, we identified
the transfer network of premature deaths associated
with agricultural trade (figure 5(a)). Interregional
agricultural trade resulted in the transfer of 165
thousand premature deaths, accounting for 10.7%
of total PM, s-related premature mortality. EC (44.6
thousand deaths) and SC (38.5 thousand deaths)
emerged as the primary mortality-exporting regions,
collectively accounting for 50.3% of total trans-
fers, while CC (44.6 thousand deaths) and EC
(36.2 thousand deaths) were the main importing
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regions, representing 48.9% of total transfers. EC,
as the largest mortality-exporting region, primar-
ily transferred premature deaths to CC (14.3 thou-
sand deaths) and SC (9.9 thousand deaths). CC,
as the largest recipient of premature deaths, mainly
received transported mortality from EC (14.3 thou-
sand deaths) and SC (13.8 thousand deaths).

The current trade structure has adverse effects
on the public health of net-importing regions (CC,
SWC, NC, and NEC), which collectively received a
net inflow of 28.8 thousand premature deaths, while
net-exporting regions (SC, EC, and NWC) demon-
strated health benefits. At the provincial level, net-
exporting provinces transferred 31 228 premature
deaths to net-importing provinces (figure 5(b)). CC
showed the largest net import of premature deaths
(22.6 thousand), while SC exhibited the largest net
export (18.9 thousand deaths). At the provincial level,
Shandong recorded the highest net import (18.6
thousand deaths), while Guangdong demonstrated
the highest net export (12.1 thousand deaths).

The spatial distribution of health burden trans-
fers diverged significantly from NH3 emission trans-
fers, primarily due to regional variations in mor-
tality response to trade-related NH; emissions. For
example, while EC transfers similar numbers of pre-
mature mortality to NEC and SC (4.79% and 5.98%
of total mortality transfers, respectively), its NH3
emission transfers to these regions differ substan-
tially (12.58% and 1.10% of total NH; transfers,
respectively). This discrepancy stems from regional
differences in mortality response rates: NEC shows
a notably lower response (24 deaths Gg~!') com-
pared to the national average (67 deaths Gg™'),
while SC exhibits a significantly higher response
(141 deaths Gg™!). At the provincial level, these spa-
tial disparities became even more pronounced, with
over half of provinces showing opposite patterns in
their net balance of health burden and NH; emis-
sion transfers (figure 5(b)). A notable example is
Inner Mongolia, which, despite being a primary net
importer of NH; emissions, emerged as a net exporter
of health burden, attributable to its exceptionally low
mortality response to trade-related NH; emissions
(merely 1/9 of the national average).

4, Conclusions

The expansion of agricultural trade networks has
intensified the transfer of NH; emissions and its
impacts on air quality and public health, factors that
will be increasingly critical for sustainable agricul-
tural development in China. Previous research on
agricultural emissions was based solely on production
while overlooking the significant role of agricultural
trade. This study achieved more accurate estimations
of the impact of agricultural trade on health burden
by simulating trade in individual crop and livestock
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product varieties and considering spatial distribu-
tion differences among crop and livestock species.
It provides, for the first time, detailed geographical
insights into interprovincial NH; emission transfers
and associated health impacts across China.

This study provides a comprehensive analysis
of NH; emission transfers through interprovincial
agricultural trade in China. Interregional agricul-
tural trade reached 622.1 Mt in 2019, accounting
for 35.05% of total production. Agricultural trade
has significantly reshaped the spatial distribution
of NH; emissions. Approximately 28.1% of agri-
cultural NH; emissions (2.94 Tg) are trade-related,
which primarily flowed from eastern and southern
China to northern and central China. Trade-related
NH; emissions contribute 2.6 ug m™> to annual
PM, 5 concentrations and cause 252 016 premature
deaths in mainland China, accounting for over 16%
of both impacts. The highest contributions were
observed in CC (9.0 ug m™2, 54 thousand deaths)
and EC (7.5 ug m—3, 94 thousand deaths). Mortality
response to trade-related NH;3 emissions showed dis-
tinct spatial heterogeneity across China, ranging from
14 deaths Gg~! in NWC to 141 deaths Gg~' in SC,
driven by regional variations in population dens-
ity and PM,5 sensitivity to NH; emissions. The
mortality response in SC is six times that of NEC.
This is primarily attributed to SC’s population dens-
ity and PM, 5 sensitivity to NH; emissions both
exceeding those of NEC by threefold. The substan-
tial difference in PM; 5 sensitivity to NH; emissions
between SC and NEC results from differences in
atmospheric NH; saturation. This finding indicates
that in future agricultural and environmental man-
agement policy-making, optimizing trade structures
to redistribute NH; emissions from densely pop-
ulated, NHj-limited regions to sparsely populated,
NHj;-rich regions could mitigate the health burden
from food systems.

Agricultural trade reshapes the spatial distribu-
tion of health burdens by transferring NH; emis-
sions between regions with significant differences
in population density and PM, 5 sensitivity to NH;
emissions. Notably, CC, SWC, NC, and NEC exper-
ienced a net inflow of 28 776 premature deaths due
to agricultural trade. We also found that the spatial
heterogeneity in mortality response to trade-related
NHj; emissions creates a disconnect between the flow
pattern of health burden and NHj; emission, with
over half of provinces showing opposite patterns in
their net balance of health burden and NH; emis-
sion transfers. Although agricultural trade ensures
food security in well-developed and densely popu-
lated regions, it is essential to consider the poten-
tial impacts of such trade on environmental equity
across China’s diverse regional contexts. On the basis
of this research, regional compensation mechanisms,
such as food taxes to subsidize production regions,
and NH; emission quota allocation based on the
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proportion of agricultural trade benefits and health
burden inflows are recommended to promote envir-
onmental equity and balance consumer demand for
food security with producer requirements for NHj
emission reduction (Zheng et al 2024). Some limit-
ations exist in this study, i.e. uncertainties in agricul-
tural trade simulation and trade-related NH3 emis-
sions. For agricultural trade simulation, the impact
of international trade on China’s interprovincial agri-
cultural trade has not been considered. However, this
limitation likely has minimal impact on our results
given China’s high agricultural self-sufficiency rate
(Ito and Ni 2013, Huang and Xie 2022, Wang et al
2024). Additionally, consistent with previous studies,
our LP approach does not account for non-market
factors influencing trade flows due to data limitations
and model simplification requirements (Wang et al
2019a, Zuo et al 2023, Luo et al 2025). Future work
could enhance the accuracy of simulations by incor-
porating those factors into the LP model. For trade-
related NH3 emissions, the provincial-scale agricul-
tural trade simulation limits our ability to assess the
impact of intra-provincial variations on trade-related
NHj; emissions. Future research should extend the LP
model to the city level and explore the temporal evol-
ution of the flow pattern of agricultural trade-related
NHj emissions.
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