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The increasing global environmental
consequences of a weakening US-China

crop trade relationship

Guolin Yao @™, Xin Zhang ©®'%, Eric A. Davidson

'and Farzad Taheripour?

The consideration of tariffs on China's imports of US agricultural products has focused on economic impacts, while the envi-
ronmental consequences have received less attention. Here we use a global computable general equilibrium model to evalu-
ate long-term crop portfolio changes induced by China's retaliatory agricultural tariffs and thereby assess the environmental
stresses imposed by different crop production portfolios based on region-specific and crop-specific databases. We show that
China's tariffs cause unintended increases in nitrogen and phosphorus pollution and blue water extraction in the United States
as farmers shift from soybeans to more pollution-causing crops. If diverted to Brazil, China's soybean demands would reduce
Brazilian stresses of nitrogen pollution and water use through crop portfolio changes, but may add additional pressures on
phosphorus pollution and deforestation. On a global scale, trade policies could help to reduce nutrient pollution and water
source depletion by promoting crop production where it is most efficient in terms of nutrient and water use.

hina consumed US$19.6 billion of US agricultural exports

in 2017, making it one of the top agricultural markets for

the United States'. Of these US agricultural exports, 86%
were crop products, of which 74% were soybeans’. China’s retalia-
tory tariffs on US agriculture have directly affected the incomes of
US farmers™. In 2018, China’s retaliation led to a sudden drop in
China’s total agricultural imports from the United States by about
US$10 billion®, especially soybeans”. However, little attention has
been paid to the environmental consequences of such uncertain
trade relationships, which will, in turn, affect the socioeconomic
welfare of farming communities and downstream communities
and ecosystems.

The weakening agricultural US-China trade relationship poten-
tially has profound environmental consequences on the two coun-
tries and the world, given the current impacts of crop production.
Agriculture demands 70% of the water used for irrigation world-
wide” and is a dominant nutrient polluter. Nitrogen and phospho-
rus applications to croplands in excess of crop demands are mostly
lost to the environment, eventually leaching to water bodies, caus-
ing eutrophication, or emitted to the atmosphere as gases that alter
climate®'" and impact human health'>. Potential production shifts
among crops and across countries with different resource use effi-
ciencies (RUEs, total product outputs per unit of resource inputs)
are likely to change the global, national and local nutrient pollution
and water demands.

The RUE of crop production varies among crops and differen-
tiates across countries, due to different production costs, practices
and technologies”. International trade enables the reallocation
of crop production from resource-inefficient regions (for exam-
ple, China) to resource-efficient regions (for example, the United
States)'*. Through crop imports, China avoided US$22 + 16 billion
of nitrogen pollution damage costs in 2015'. In contrast, monetized
estimates of the costs of excessive nitrogen pollution from US agri-
culture range from US$59 billion to US$340 billion per year'°—
close to or higher than the US$68 billion value of total US crop

export revenues in 20172 Subsequent crop shifts due to US-China
trade tensions could also spill over to the rest of the world through
trade flows—opening up opportunities for South America to sig-
nificantly increase its share of China’s market>', potentially boost-
ing the continent’s fertilizer use and cropland expansion. Therefore,
it is critical to evaluate the global environmental consequences of
potential US-China crop trade tensions beyond economic welfare
impacts, especially the effects on water use and nutrient (that is,
nitrogen and phosphorus) pollution driven by crop shifts'. Of the
economic studies on US-China trade tensions, some have evaluated
land use change, terrestrial CO, emissions and deforestation'*-*', but
few have examined water use and nutrient pollution.

Here we present an evaluation of the impacts of US-China crop
trade tensions on nutrient pollution and blue water demand in the
two countries and the world, considering both market-mediated
responses and crop portfolio changes”*'. We employed a com-
putable general equilibrium model (CGE, which refers to models
that capture economy-wide market-mediated factors and have
been widely used to assess trade policy impacts on economic
activities®>'”*-%), GTAP-BIO, to evaluate long-term crop portfolio
changes induced by China’s retaliatory agricultural tariffs (Methods
and Supplementary Information, section 1)°. We then assessed the
environmental stresses imposed by different crop production port-
folios with region-specific and crop-specific databases for three
major environmental stressors: nitrogen surplus and phosphorus
surplus (see detailed definition in Methods) to evaluate poten-
tial nitrogen and phosphorus losses to the environment, and blue
water demand—the surface and ground water that could be used
for irrigation—to assess water use'>'"”. To validate the robustness
of the result, we performed sensitivity analyses on the database of
environmental stressor intensity and key model parameters. Based
on the modelled crop portfolio changes in 18 agroecological zones
(AEZs) (Supplementary Fig. 2), we downscaled the environmental
assessments to the subnational (grid) level to investigate the poten-
tial heterogeneous impacts of trade policies on subnational scales
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Fig. 1| Schematic flow of environmental stressor evaluation. The blue rounded squares represent the model. Parallelograms represent the inputs and
outputs of the GTAP-BIO model. Green rectangles are the base data used to assess the environmental stressors. Rounded squares with dotted lines are
environmental stresses assessed. The arrows represent the data flows of the model structure.

and to identify the environmental degradation hotspots that require
policy attention. Figure 1 presents a schematic overview of the envi-
ronmental stressor evaluation. Finally, we discuss the policy impli-
cations of our results as well as the ongoing events and policies that
could lead to severe environmental consequences.

Results

The environmental stresses of existing US-China crop trade.
In the past, producing the volumes of crops demanded by China
exacerbated US environmental pressures, but potentially relieved
the environmental stresses on China and the world. In 2014-2016,
on average, to produce the crops exported to China, the United
States devoted an additional 12 Mha of harvested area, demanded
4 trillion litres (1 trillion=1 X 10'?) more blue water, and increased
nitrogen and phosphorus surplus by 0.5 TgN (1 Tg=1x10°kg) and
0.007TgP (Fig. 2). In contrast, if China’s crop imports from the
United States were produced in China domestically with its cur-
rent technology and management practices, assuming adequate
resources and suitable climates and soil conditions, it would require
nearly 20 Mha harvested area and 9 trillion litres of blue water, and
would lead to nitrogen and phosphorus surpluses of 1.7 TgN and
0.3 TgP. Such drastic shifts in the associated environmental stressors
would consequently produce a net increased global burden of envi-
ronmental stresses, including net additional exploitation of 8 Mha
of harvested area and 5 trillion litres of blue water, and further losses
of 1.2 TgN and 0.3 TgP to the environment.

If Chinas crop imports from the United States were entirely
substituted by imports from other regions of the world, the envi-
ronmental stressors of the production would vary among regions
due to the different production efficiencies and available resources
(Fig. 2). For example, to produce the same volume of crops
demanded by China, Brazil would require an additional 2Mha of
harvested area and would induce an additional 0.5 TgN surplus and

0.22 TgP surplus, compared with the United States, but would sub-
stantially reduce blue water demands. Other South American coun-
tries would be a less-polluting alternative to the United States given
the region’s more efficient nitrogen use and blue water demand, but
higher costs and limited resource availability may impede them from
replacing the crop supply from the United States entirely'”. Overall,
this comparison suggests that the current production reallocations
from China to the United States achieved through international
trade have relieved environmental burdens for China and the world
due to China’s relatively low efficiencies in both water use and fertil-
izer use compared with the United States and the rest of the world.
Admittedly, this comparison with Brazil and other South American
countries demonstrates an extreme case of production reallocations
from the United States to the rest of the world, and such reallocation
is likely to be buffered by market-mediated responses and consid-
erations of biophysical limits; however, it demonstrates the general
direction of changes in environmental consequences in the context
of weakening US-China crop trade.

The national impacts of the weakening trade relationship. Shifts
in crop production portfolios. Under the proposed December 2019
tariff scenario (Table 1), China’s retaliatory tariffs would potentially
increase the prices of US agricultural products in China’s domes-
tic market. This would lower China’s demands for US agricultural
products, eventually lowering US farmers’ income and discourag-
ing them from producing relevant crops’~. Given the fact that over
70% of China’s crop imports from the United States are soybeans,
domestic soybean prices in the United States are affected, depress-
ing their production in the United States by about 3 Mha. Crops
that are less traded with China would be less affected by China’s
tariff increase. Hence, over the long term, US farmers would switch
to these less-traded crops with China, such as other coarse grains
(primarily corn), wheat and other agricultural products. Besides
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Fig. 2 | Environmental stresses affecting crop substitution. a-d, Environmental stresses of producing the average 2014-2016 crop portfolio China
imported from the United States at each region's current RUE levels, given adequate resources and suitable climate and soil conditions: required harvested
area (ha) (a), induced nitrogen surplus (kg) (b), phosphorus surplus (kg) (c) and blue water demand (litres) (d). Each coloured bar indicates the
environmental stress of each crop type. Only the US bars show the environmental stressors that actually happened. Other regions’ bars are the potential
environmental stressors that would have happened if those regions had grown the same crops to meet China’'s demands. For example, in the nitrogen
surplus graph (b), the US bar shows that the United States generated a 0.5 TgN surplus when producing the crops exported to China. China’s bar in panel
b denotes that China would have generated a 1.8 TgN surplus if its entire imported crop portfolio from the United States had been produced domestically.
Similarly, if those crops had been grown in Brazil, the potential burdens are shown by the bars for Brazil. SoAmer, South America (apart from Brazil).

soybeans, non-soybean oilseeds are also among the major crops that
China imports from the United States. Under the defined scenario,
non-soybean oilseeds are also retaliated, and their production thus
contracts in the United States by 0.6 Mha. As a result, the total har-
vested area in the United States would decline by 1.25 Mha.

Relatively lower-priced soybeans from Brazil and other South
American countries, due to the absence of tariffs, would incen-
tivize Chinas soybean imports from these countries. China’s ris-
ing demands would increase the income of soybean farmers and
motivate soybean expansion in Brazil and other South American
countries by 3 and 0.8 Mha, respectively, adding pressures to their
cropland expansion'®?'. China’s retaliation on US soybeans would
spur Chinas domestic oilseed production in general by 0.5Mha.
However, with intensified agricultural production and limited har-
vested area expansion capabilities, China would experience limited
changes in its crop portfolio and harvested area. As soybean is the
major protein source for livestock animals®, tariffs on meat could
further disincentivize US soybean production. Since South America
mainly competes with the United States in China’s domestic soy-
bean market, the production of all non-soybean crops in South
America would experience limited incentives.

Changes in environmental stresses. Shifts in crop portfolios are
accompanied by changes in environmental stressors such as nitro-
gen surplus, phosphorus surplus and blue water demand. Although
the total harvested area in the United States would contract by
1.25Mha, its total nitrogen surplus (expressed as kgN) would
increase by 35 million kgN as soybean, a nitrogen-fixing crop with
relatively high nitrogen-use efficiency (NUE) and low nitrogen sur-
plus intensity (expressed as kgN ha™"), shifts to other crops (Fig. 3).
The reduction of 105 million kgN surplus due to soybean contrac-
tion in the United States is less than the additional nitrogen surplus
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generated by the expansion of other crops, such as other coarse
grains, with higher nitrogen surplus intensity. In contrast, Brazil
and other South American countries would reduce their nitrogen
surplus by 119 million kgN and 81.5 million kgN owing to substitu-
tions of soybean for other non-soybean crops. Globally, the nitrogen
surplus increase in the United States is offset by the nitrogen surplus
decline in Brazil as a result of the soybean shifts from the United
States to Brazil to meet demands of China. Overall, global nitrogen
surplus would significantly decline by 154 million kgN due to the
contractions of nitrogen-inefficient crops (for example, other coarse
grains, wheat, sugar crops and other agricultural products) in South
America, and their increase in the United States, where they can be
grown more efficiently and with lower nitrogen surplus intensity.
The contraction of the harvested area in the United States
would not lead to any reduction in blue water demand. If soybean
alone is subject to China’s retaliation, the US blue water demand
would increase substantially by 1.6 billion litres (Supplementary
Information, section 9 and Supplementary Fig. 7). In this case, the
crops that are projected to increase production in the United States
either replace soybean production with higher water demand per
harvested area (for example, corn in the ‘other coarse grains’ cate-
gory) or tend to expand in the regions with high blue water demand
(for example, ‘other oilseeds’). However, when non-soybean oil-
seeds are also retaliated, the increase in US water demands would
be only 0.1 billion litres, much lower than that of the soybean-only
tariff scenario, as these water-demanding crops also decline in
production. Although it is unlikely that farmers will invest signifi-
cantly for irrigation equipment given a short-term policy or mar-
ket shock™", it is possible for farmers to increase irrigation water
use on land already equipped with irrigation infrastructure, to
shift crop type (for example, from soybean-corn rotation to con-
tinuous corn) and perhaps even to invest in new equipment as the
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Table 1| China's retaliatory tariff percentage increases for US
agriculture as of May and December 2019

GTAP crop types Implemented as of 13 Proposed for 15

May 2019 (%) December 2019 (this
analysis) (%)

Soybeans 24.87 3318

Other agricultural 22.35 30.8

products

Other oilseeds 24.87 3318

Processed food 21.65 30.03

Forestry 6.5 9

Processed 44.96 54.88

non-ruminant meat

Rapeseed 24.87 33.18

Processed ruminant 22.52 235

meat

Beverage and sugar 10.76 11.39

Sorghum 2491 3491

Processed dairy 22.83 24.46

products

Soybean oil 22.35 30.8

Wheat 24.28 34.28

Source: ref. *4.

trade tension becomes a norm in the context of growing tensions
between the United States and China. Therefore, the reduction of
blue water demand for soybean in the United States could be out-
weighed by the increase in water demand for other crops (Fig. 3d).
Under both scenarios, similar patterns are observed on the global
scale: global blue water demand would increase because the benefits
of blue water savings from shifts in soybeans production (that is,
shifts from the United States to Brazil and other South American
countries) would be offset by the increasing blue water demand in
non-soybean oilseed expansion in water-scarce regions.

Trade-offs and synergies also exist within each region across
different environmental stressors. The expansion of soybean, a
nitrogen-fixing plant that is relatively more efficient than many
other crops, would reduce Brazilian nitrogen surplus by 120 mil-
lion kgN but increase its phosphorus surplus by 23.5 million kgP.
Brazilian soybean is intensively produced in areas with highly
weathered, naturally acidic soils that render much of the native and
applied phosphorus unavailable to the crop. Brazilian soybean pro-
duction thus requires higher phosphorus fertilizer and lime inputs
than soybeans produced in most temperate regions®. With similar
PUE levels, the phosphorus surplus increase due to soybean expan-
sion is higher than the phosphorus surplus decline driven by the
contraction of other crops—resulting in a net 23.5 million kgP sur-
plus increase in Brazil. Although most of this phosphorus surplus
is currently retained in Brazilian soils, the accumulated phospho-
rus could eventually reach saturation and pollute water bodies*. In
addition, the increased demand for phosphorus fertilizer and lime
in Brazil may exceed domestic supplies of rock phosphorus reserves
and lime. In contrast to Brazil, the United States would suffer from
an increase in both phosphorus and nitrogen surplus by 34.7 mil-
lion kgP and 10.3 million kgN, respectively, as the production shifts
from soybean to more fertilizer-intensive crop types, while other
South American countries would experience alleviation in both
phosphorus and nitrogen surplus by 81.5 million kgP and 5 million
kgN, respectively, due to the shifts opposite to those in the United
States. Global phosphorus surplus would be further aggravated by

30 million kgP as soybeans are expanded in Brazil where phospho-
rus use is more inefficient.

Overall, the weakening US-China agricultural trade relationship
would worsen the US environmental stressors of both nutrient sur-
pluses and water resource depletion. Such patterns of environmen-
tal consequences are primarily driven by China’s retaliation on US
soybeans. Additional environmental stresses imposed on the United
States could also be affected by the extent of China’s retaliation on
non-soybean oilseeds (Supplementary Fig. 7). Brazil would reduce
its nitrogen surplus and blue water demand through crop mix
changes but face an aggravated phosphorus surplus issue. China
would experience limited environmental improvements. Globally,
trade-offs exist among nitrogen surplus reduction, increases in
phosphorus surplus, increases in blue water demand and increased
harvested area.

Sensitivity analyses. While the environmental stressor evaluation in
this study adopts standard Global Trade Analysis Project (GTAP)
parameters and uses crop-specific environmental stressor intensity
databases from reliable sources'****, uncertainties in these param-
eters and data could affect the outcomes of the evaluation. To test
the robustness of the evaluation outcomes, we designed the fol-
lowing sensitivity analyses focusing on these two major sources of
uncertainties.

Regarding the uncertainties associated with the GTAP-BIO
model, we first identified parameters to which the production port-
folios are most sensitive, varied these parameters by 50% following
an independent triangular distribution and obtained the consequent
crop portfolio variations®™. We then evaluated the resulting varia-
tions in global and regional environmental stressors by assuming
that crop-specific environmental stressor intensity in each region
remained unchanged (see Supplementary Information, section 7 for
the rationale for the selection of parameters and the 50% variation).
We found that even with 50% variations, parameter uncertainties
did not alter the direction of changes in environmental stressors.
The environmental consequences in the United States and Brazil are
most sensitive to soybean’s trade elasticity and cropland transforma-
tion, while China is mostly affected by its protein preferences for
animal feed (Supplementary Table 9).

Concerning the uncertainties in crop-specific environmental
stressor intensity, we varied each major crop’ intensity of nitrogen
surplus, phosphorus surplus and blue water demand following inde-
pendent triangular distribution. We then assessed the corresponding
variations in global and regional environmental stressors by assum-
ing constant average harvested area changes (changes reported in
Fig. 3a). We found that the coefficient of variation for each envi-
ronmental stressor is linearly related to the intensity variation level
(Supplementary Table 10). Regional nitrogen surplus changes are
more sensitive to the accuracy of the nitrogen surplus intensity esti-
mate for soybean and other coarse grains, and the United States is
most sensitive to its estimate of blue water demand intensity for soy-
beans, other coarse grains and sugar crops (Supplementary Table
10). Hence, potential variations in the data could also moderately
weaken or amplify the conclusions made in this analysis but would
not change the direction of patterns.

Local hotspots with additional environmental stresses. Heterogeneous
distributions of crops and varying crop mixes and RUEs in crop
production at subnational scales cause divergence of the local envi-
ronmental stress changes from the aggregate national changes (Fig.
4). Unique crop portfolios in each grid cell could lead to spatial
trade-offs and synergies within each environmental stressor and
across different environmental stressors. To investigate the hetero-
geneous consequences on a subnational scale, we downscaled the
modelling results from GTAP for each AEZ to 30 X 30 arcminute
grids, following the approach that has been applied in multiple
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Fig. 3 | Changes in environmental stresses. a-d, Changes in environmental stresses by region and crop type: harvested area (ha) (), total nitrogen
surplus (kg) (b), total phosphorus surplus (kg) (¢) and total blue water demand (litres) (d). In each bar, total changes are denoted by black dots, which are
further decomposed into contributions from changes in each crop type represented by coloured blocks. The leftmost bar summarizes total global changes

and the contributions from each crop type.

studies™*>". The downscaled results represent one of the plausible
changes in crop distribution and subsequent changes in intensities
of nitrogen surplus, phosphorus surplus and blue water demand on
a subnational scale under the trade tension and based on the model
structure and assumptions.

China’s retaliation on US agriculture would lead to the contrac-
tion of soybean production mainly in the US soybean/corn belt
where the production of other coarse grains expands—resulting in
a reduction in total nitrogen surplus (Supplementary Fig. 6b) but
an increase in nitrogen surplus intensity for this region (Fig. 4a).
The expansion of other coarse grains is much less than the reduc-
tion in soybean production, leading to the decline of harvested area
for the region. However, because other coarse grain has a higher
nitrogen surplus intensity than soybean, the intensity of nitrogen
loss increases on the remaining cropland (Fig. 4a). The expan-
sion of wheat would focus on the northern and western regions
of the midwestern United States, accompanied by increasing
phosphorus surplus intensity. Such phosphorus surplus intensity
increase is aggravated by further expansion of wheat produc-
tion. With the increasing tariffs imposed on all crops, the north-
western United States would experience a reduction in nitrogen
surplus reduction as other coarse grains produced in the mid-
west substitute those produced in this region. Meanwhile, the
contraction of nitrogen-efficient non-soybean oilseeds in south-
ern regions would aggravate local nitrogen surplus intensity but
relieve local demands for blue water. However, if the non-soybean
oilseeds are not retaliated, soybean reduction could potentially
incentivize their production in southern regions, reducing local
nitrogen surplus intensity (Fig. 4a) but demanding more blue
water (Fig. 4c).

In contrast to the contraction in the United States, soybean
would expand in South America mainly in the central-west
and southern regions of Brazil and the northeastern regions of
Argentina. While adding pressures on land use changes in these
areas, the expansion of soybean production may relieve nitrogen
surplus intensity and blue water demand intensity by replacing
wheat, other coarse grains, sugar crops and other agricultural
products. Consistent with national-scale analysis, the Brazilian

| www.nature.com/natfood

soybean production area may experience aggravated phosphorus
surplus intensity but other South American countries would ben-
efit from lower phosphorus surplus intensity due to their different
soil types (Fig. 4b).

Considering all three environmental stressors together, China’s
retaliatory tariffs would lead to the worsening of one or more
environmental stresses in most regions (Fig. 4d). The region with
reduced environmental stresses is mainly concentrated in south-
east and northeast China, where soybeans and rapeseeds expand
at the cost of other resource-intensive crops, and Argentina, where
soybean production is incentivized. The rest of China is dominated
by intensified blue water demand, while some regions would face
increased nitrogen surplus (green areas in Fig. 4d for China) and
phosphorus surplus intensity as well (purple areas in Fig. 4d for
China). It is notable that 8.3% of the regions in China where crop
production is incentivized would face challenges from aggrega-
tions of all three environmental stressors (brown areas in Fig. 4d
for China). Most regions in the midwestern, southern and north-
eastern United States are dominated by increases in nitrogen sur-
plus and blue water demand intensity (green areas in Fig. 4d for
United States), as part of soybean production shifts to other crops
with more intensive nitrogen surplus and/or blue water demand.
Northern parts of the western United States show modest intensify-
ing nutrient surpluses, and southern areas of the western United
States have slight intensification in nitrogen surplus but intensi-
fied blue water demand if non-soybean oilseeds would not be
retaliated (Supplementary Fig. 8). The Brazilian Amazon region
faces the situation of intensified nutrient losses and blue water
demands of existing agricultural practices as a result of a reduc-
tion in resource use efficient crops in crop mixes. Since total har-
vested area devoted to crop production in the Brazilian Amazon is
relatively low (less transparent brown areas in Fig. 4d for Brazil),
changes in the environmental stressors analysed here may be less of
a concern, although any cropland expansion in the Amazon region
would probably be important regarding other conservation issues.
The rest of Brazil, where the crop production is more active, is
dominated by intensified phosphorus fertilizer use and phosphorus
losses in soybean-intensive areas.
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Discussion

Implications for future policy. The environmental consequences
of crop trade need to be factored into decision-making on trade
policy. Our analyses suggest that most of the environmental conse-
quences come from the extent of China’s retaliation on US soybeans
(Supplementary Information, section 9). In contrast, China’s retali-
ation on non-soybean crops would not alter the US nitrogen and
phosphorus surplus changes, while the retaliation on non-soybean
oilseeds would mitigate US blue water demand due to the contrac-
tion of these oilseeds, which are water demanding. Current trade
negotiations are underway, and actual tariffs imposed on US agri-
cultural products are subject to sudden changes during the pro-
cess of the negotiation. The policymakers could use the analyses
presented here to take into account the synergies and trade-offs
between economic impacts and environmental stresses. These envi-
ronmental stressors have been monetized in other studies to esti-
mate the costs of alleviating pollution within acceptable levels'®*%.
However, the existing studies lack extensive global environmental
valuations, which will require future research.

Although nutrient pollution and blue water consumption are
primarily localized, international agricultural trade globalizes these
environmental stresses, not only within the partner countries but
also through spillover impacts on other countries. The assessments
of environmental consequences of international trade across various

spatial scales provide critical information for facilitating interna-
tional conversations on mitigating nutrient pollution and relieving
water shortages. While intergovernmental efforts have been made
to collectively address climate change, much less has been done to
coordinate efforts to mitigate nutrient pollution and water scar-
city, which also have global-scale impacts (for example, N,O emis-
sions are associated with nitrogen surplus and contribute to climate
change and stratospheric ozone depletion*’). The cross-scale envi-
ronmental stress evaluations in this analysis offer policymakers an
additional lens for addressing global environmental challenges in
trade policy negotiations and international collaborations.

The varying impacts of trade policy on subnational scales high-
light the need to improve the capacity for policymakers to project
environmental degradation hotspots and to develop strategies to
mitigate the negative impacts accordingly. Our analysis presents
an initial attempt to downscale the impacts of trade policy change
on a gridded level, highlighting the regions that will be negatively
affected by increasing tariffs and their major environmental con-
cerns. Although the downscaling approach has uncertainties, as
discussed below, the results demonstrate the complex trade-offs
among regions and environmental stresses and demonstrate the
opportunities to develop strategies to minimize the negative social-
environmental outcomes of trade policy changes. While the effects
of international trade discussed here are important, it also needs
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to be recognized that the sustainability of agricultural production
is affected by many socioeconomic and ecological drivers beyond
trade, and improvements in agricultural technologies and practices
are still fundamental for achieving sustainable agriculture.

Limitations. This paper only considers counterfactual situations
of US agricultural products being retaliated given the economic
situation in 2016 and subsequent proposed tariffs. Uncertainties
evolve as new events affect China’s demands, the US-China trade
relationship and trade relationships of the United States and
China with other countries. For example, US subsidies to farmers
that compensate their price losses have potentially delayed their
responses to the US-China trade tension®. The ongoing African
swine fever harms Chinas pork supply and spurs its demands
from overseas, such as the United States, potentially mitigating
tariff impacts on pork producers but aggravating the US envi-
ronmental stresses due to the demand for livestock feed. The rise
of double-cropping practices in Brazil could potentially increase
Brazil’s crop productivity and RUEs. Such efficiency improve-
ment could reduce pressures on some Brazilian environment and
natural resources, but also could lead to the rebound effects from
rising demands from overseas (for example, China) resulting in
further environmental degradation and increases in cropland use
pressures. China’s ethanol mandates may increase China’s corn
production, reducing its soybean supply and alleviating its retali-
ation impacts on US soybeans. Meanwhile, China’s Belt and Road
Initiatives could help it find new agricultural partners, which
could potentially exaggerate the impacts on US agriculture of
China’s retaliation and shift environmental impact to developing
countries. The ongoing COVID-19 pandemic makes international
trade more costly. The environmental and economic impacts on
the weakening US-China trade relationship could thus be ampli-
fied. In addition, as China has been increasingly viewed as a threat
to the United States’ global economic and political power, China is
likely, for national food security reasons, to seek options to reduce
its reliance on agricultural imports from the United States*', which
aligns with the trade scenario examined in this study. Overall,
these events and future uncertainties may affect the crop produc-
tion portfolios in China and around the world and consequently
affect environmental stresses worldwide. Although examining the
effects of these events is beyond the scope of this study, we pro-
vided methodologies for future investigation.

While tracing the fate of nitrogen and phosphorus surplus and
blue water demand to specific environmental impacts—such as
aquatic eutrophication, water quantity and quality, air pollution or
greenhouse gas emissions—is beyond the scope of this paper, the
environmental stressors of nitrogen and phosphorus surplus and
blue water demand analysed here are likely to result in eventual
environmental impacts. In addition, environmental consequences
resulting from trade policies are not limited to nutrient pollu-
tion and blue water demand. Although we found that US-China
agricultural trade tension could relieve nitrogen surplus and blue
water demand in South America, additional pressures on cropland
expansion could potentially lead to pastureland contraction and
deforestation, aggravating emissions of greenhouse gases'”*' and
reducing biodiversity and other ecosystem services. The resulting
livestock reduction in the United States due to China’s retaliation
on its processed meat and dairy products could also alleviate US
nutrient pollution and greenhouse gas emissions. South America’s
environment could also benefit from a livestock reduction driven
by an expansion of harvested area and a contraction of pastureland.
Incentivizing China’s domestic livestock production, in contrast,
could aggravate the country’s environmental stresses. Although
land use change, biodiversity loss and greenhouse gas emissions are
beyond the scope of this analysis, they are additional environmental
stressors that merit further study.

| www.nature.com/natfood

In addition to the market-mediated responses considered in
this analysis, fertilizer application practices and blue water demand
through irrigation are also likely to be impacted by market prices.
For example, farmers may use more fertilizers when their prices are
lower, resulting in decreased fertilizer use efficiency and greater
nutrient surpluses. In this analysis, we assume the fertilizer appli-
cation and water demand rate by each crop type in each region
remains at the average level in 2014-2016, which could also be sub-
ject to change affected by market-mediated price signals. RUE could
also improve with technological changes. However, with technology
unchanged, market-response variations in nutrient surplus rate may
not be very different from this analysis.

Gridded-level analyses are based on linear extrapolation from
2000 gridded crop production data to the average of 2014-2016
gridded harvested area data according to each crop’s national
growth rate. Such analyses could benefit from more recent grid-
ded crop production data with detailed crop categories and ongo-
ing development in evaluating and constraining uncertainties in
nitrogen surplus maps. In addition, this analysis assumes that crops
will expand in regions where they are historically grown, whereas
crops could also expand to adjacent grids that have suitable climate
and soil conditions. Gridded and regional analyses could also be
further improved with detailed country specifications in the South
American region, which is highly aggregated in current datasets.

Concluding remarks. This analysis evaluates the impacts of crop
trade policies on environmental stressors—specifically nitrogen
and phosphorus surpluses and blue water demand—from subna-
tional to global scales due to shifts in crop mixes. We found that
potential environmental consequences driven by the US-China
crop trade tension are considerable and could spill over to other
countries, especially Brazil and other South American countries
through international trade. Such consequences are predominantly
driven by China’s proposed retaliation on US soybeans. Trade-offs
and synergies exist across different countries for each type of envi-
ronmental stressors and among different environmental stressors
within each country. Overall, however, modelled effects of tariffs
resulted in increased global environmental stresses. Additionally,
spatial synergies and trade-offs occur within each country due to
heterogeneous distributions of crop production. Environmental
degradation hotspots were identified with one or more environ-
mental stressors. These analyses provide a basis for consideration of
environmental consequences in addition to the economic outcomes
of current and future trade policies.

Methods

GTAP model. The GTAP model is a global multiregional and multisectoral model
built upon computable general equilibrium theories. The GTAP model captures
market-mediated responses through economic theories of supply, demand, trade
and macroeconomic equilibrium relationships, considering behaviours from
different economic entities, producers, consumers and government. It tracks
changes in production, consumption and trade of all goods and services produced
across the world, including agricultural products that are mostly exported from the
United States to China: soybeans, fruits and vegetables, other oilseeds, processed
food, forest products, processed non-ruminant meat, rapeseed, processed ruminant
meat, beverages and sugar, sorghum, processed dairy products and soybean oil.
Decisions of all entities are driven by relative price levers that are potentially
changed by external interventions, such as policies. Bilateral trade flows link all
economies, and changes in one economy will affect its partners and thus spill over
to the globe. The GTAP model follows the Armington assumption that the same
imported crop is differentiated based on its origins*. Imported and domestic crops
are substitutable among private, industrial and government consumption.

In this analysis, we adopt a modified version of the GTAP extension:
GTAP-BIO’. This version consists of six regions: the United States, the European
Union (27 states), Brazil, China, other South American countries and other
regions. This geographical aggregation concentrates on the key regions that could
be affected by China’s tariffs on US agricultural products. Land endowments
in the model are categorized into 18 AEZs. Harvested area changes driven
by market-mediated responses can be tracked by AEZ in each region with a
consideration of physical limits—crops can only expand in areas where they were
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historically grown. The model has ten crop types: paddy rice, wheat, sorghum, corn
and other coarse grains, soybeans, palm fruit, rapeseeds, other oilseeds, sugar crops
and other agricultural products. The model considers three types of land cover:
cropland, pastureland and forest. Three types of land cover can be transformed
into each other to some extent, with total land within each region/AEZ remaining
constant. The model also takes account of crop-rotation practices as reported

in Taheripour and Tyner". In addition to land endowments, labour and capital
endowments are also considered in producers decisions. A detailed description

of the GTAP model and GTAP-BIO is available in Supplementary Information,
section 1.

Scenario design. In the main analysis, we implemented tariff increases that China
proposed to impose on US agriculture in December 2019 (Table 1)*, which is

the largest ever proposed by China on US agricultural products. Since the tariff
increase primarily affects crops that are intensively traded with China, we only
consider agricultural products being retaliated with bilaterally traded values from
the United States to China greater than US$100 million in 2016. Although not
fully implemented, additional tariffs were imposed and the situation remains
fluid. In addition, in Supplementary Information, section 9, we show a scenario
in which only soybean is retaliated at the tariff rate proposed in December

2019 (the first row of the last column in Table 1). The soybean-only scenario

aids the understanding of the important role that soybean plays in affecting the
environmental consequences in China, the United States and South America.

Crop-specific environmental stressors by region. This analysis considers three
environmental stressors: nitrogen surplus, phosphorus surplus and blue water
demand. Nitrogen surplus and phosphorus surplus, the nitrogen and phosphorus
lost to the environment, are defined as the differences between nitrogen (or
phosphorus) inputs and nitrogen (or phosphorus) outputs (equation (1)).
Nitrogen inputs include all nitrogen sources applied to crops including nitrogen
from fertilizer, manure, agricultural biological nitrogen fixation and deposition.
Nitrogen outputs refer to nitrogen harvested in crop products'>*". Phosphorus
inputs are phosphorus from fertilizers and manure. Phosphorus outputs are
phosphorus harvested in crop products. We use nitrogen surplus and phosphorus
surplus as proxies of nutrient stressors of the environment from agricultural
activities. Total nitrogen surplus and phosphorus surplus are measured in kg.

N (or P) surplus (kg) = N (or P) inputs (kg) — N (or P outputs) (kg) (1)

Nitrogen (or phosphorus) surplus intensity is nitrogen (or phosphorus) surplus
(kg) per hectare of harvested area (equation (2)).

N (or P) surplus (kg)
harvested area (ha)

N (or P) surplus intensity (kgha™") = (2)

NUE or PUE is defined as the ratio between nitrogen (or phosphorus) outputs
and nitrogen (or phosphorus) inputs (equation (3)).

N (or P) outputs (kg)

NUE (orPUE) = ——————==
(or ) N (or P) inputs (kg)

(3)

Here water use refers to blue water—the surface and ground water potentially
used for irrigation®**. Total blue water demand is measured in litres. The water
demand intensity rate is total blue water demand (litres) per ha of harvested area.
Blue water demand efficiency is total product outputs (kg) per litre of water.

The environmental stressor intensity database composes 169 crops and 218
regions. We aggregate them into ten crop types and six regions corresponding to
the GTAP model. The classification of 169 crops to these ten crop types can be
found in Supplementary Information, section 2. We use an average of 2014-2016
as the base year.

Alternative environmental stresses. Alternative environmental stresses in Fig. 2
refer to the environmental stresses that would have occurred if China’s imported
crops from the United States were entirely produced domestically or in alternative
regions, assuming their respective RUEs and assuming adequate resources

and suitable climate and soil conditions at alternative regions i. Alternative
environmental stress is a hypothetical and counterfactual concept widely used

in evaluating the RUEs of traded crops and the potential environmental stress
that foreign demand could impose on local agricultural production®. Alternative
harvested area (equation (4)), nitrogen surplus and phosphorus surplus (equation
(5)) follow the calculation in Huang et al.”®, and alternative blue water demand is
calculated as imported crops in kg divided by blue water use efficiency (kgl™) at
alternative regions (equation (6)).

imported crops ;.. (kg)

4
yield; (kgha™") @

alternative harvested area; cpin, (ha) =

alternative N (or P) surplus; ;. (kg)

(5)

= N (or P) imported crops ;. (kg) (7NUE (;YPUE) — 1)

. imported crops (kg)
alternative blue water; china (kg) = blue water use efficiency (kgl —1) ©

Gridded data analyses. Gridded harvested area data for 175 crops in the year 2000
at 5 X 5 arcminute level were obtained from EARTHSTAT* and were mapped into
169 crops and aggregated into 30 X 30 arcminute grid cells. The EARTHSTAT
map is employed over other state-of-art crop distribution maps (that is, SPAM*),
because it has more disaggregated crop categories that have a one-to-one
correspondence to most of our crop-specific and region-specific environmental
stressor intensity database, yielding more plausible results on nutrient surplus
distribution®. We linearly extrapolated each crop’s harvested area from 2000 to

the average of the 2014-2016 level based on their national growth rate following
Houlton et al.”. The downscaling approach assumes that: (1) each crop type has
the same environmental stressor intensity per ha of harvested area across all local
areas in each country (or region); (2) for all grid cells within an AEZ of a country,
the crop expansion rate for each crop type is the same as that of the AEZ; and (3)
the expansion will stay within the grid cells within the same AEZ and will not

spill over to adjacent cells across different AEZs. Changes in harvested area and
environmental stressor intensities are first evaluated based on 169 crops and in 218
countries and then mapped into ten crop types and six regions.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Nitrogen surplus intensity rate and phosphorus surplus intensity rate were derived
following Zhang et al.”’, using the data from FAOSTAT". Blue water demand
intensity rate was calculated using the blue water footprint provided by Mekonnen
and Hoekstra™ and yield and harvested area data from FAOSTAT". Gridded data
on crop distribution were downloaded and processed using the database Harvested
Area and Yield for 175 Crops year 2000 from EARTHSTAT provided by Monfreda
etal.”’. GTAP database version 9 was used in this analysis and updated from the
base year 2011 to the year 2016 by Taheripour and Tyner’. Tariff increase data
were obtained from the CARD trade tariff database. The data used to generate
the main figures in this paper are available in the Supplementary Information. The
intermediate data that support the findings of this study are available from the
corresponding author upon reasonable request. Source data are provided with this

paper.

Code availability
Codes used to calculate the environmental stressor intensity and visualize the
results are available at https://github.com/yaoguolin/SAM-CMT.
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- A description of any restrictions on data availability

National level raw data is available from FAOSTAT [http://www.fao.org/faostat/en/#data]. All data sources of environmental stresses are available in the paper. The
gridded level crop distribution data is available from EARTHSTAT [http://www.earthstat.org/]. The GTAP data version 9 is available from The Center for Global Trade
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Analysis, but restrictions apply to the availability of these data. The data used to generate main figures in this paper is available in Supplementary Information. The
intermediate data that support the findings of this study are available from the corresponding author upon reasonable request.
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