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ABSTRACT: Interregional trade can potentially extend the
management of scarce resources beyond a region’s territory along
supply chains. Here we combined the multiregional input−output
model with structural decomposition analysis to reveal the distant
connections of agricultural land and water use as well as the drivers
behind their variations in China. Our results show that trade-
embodied agricultural land use increase by 2.3-fold and 2.5-fold for
virtual agricultural water use flows from 2002 to 2012. The water-
starved northern China with abundant agricultural land is the main
exporter of virtual (also called trade-embodied) agricultural land
and water. Moreover, the role of the virtual water use importers and
exporters were determined by the availability of land, rather than
water resources. Based on scenario analysis, we found that if agricultural water use efficiency of north China reached the world’s top-
level but agricultural land use efficiency remained unchanged, the virtual water flows would be reduced by 32% and only water
resources, not agricultural land, would be able to sustain future economic development. Our findings may provide significant
information for potential solutions to China’s regional water shortage from a land-water nexus perspective.

1. INTRODUCTION
Agricultural land and water are essential resources for food
production and human life.1,2 In China, agricultural land
accounts for 67% of the total national territory, at the same
time, agriculture consumes more than 70% of total national
water use.3,4 However, these two resources are both scarce in
China. In China, cultivated land per capita is only 0.08 ha, that is,
less than 40% of the world average.5 On the other hand, the
quantity of water resources per capita is 2100 m3, which only
amounts to 28% of the world average.6 Therefore, China faces
the difficulty that using about 7% of the total agricultural land
and 6% of the total water resources to feed about 20% of the
population.7 The situation is further aggravated by increasing
food consumption, a growing population, industrialization,
urbanization, and urban lifestyles, and changing diet structure
with more animal-based food consumption.8,9 It is very
important to understand how to get sustainable use of scarce
agricultural land and water resources in the future.1,10

One challenge to achieve agricultural land/water sustain-
ability is the mismatch between the geographic availability of
agricultural land/water and their demand induced by China’s
domestic food supply chains.11,12 Agricultural land and water
resources are both unevenly distributed in China. Per capita
agricultural land ranged from 0.02 ha (Shanghai) to 8.52 ha
(Qinghai).3 At the same time, North China only contains 20% of
the total water resources while feeding about 50% of the
population.13 The uneven spatial distribution of agricultural
land and water resources would be intensified through the

virtual resources flows accompanied by interregional trade.14,15

To satisfy the demand for resource consumption, there are
increasingly distant interactions between producers and
consumers via trade.16 This has often been referred to as
resources embodied in trade or virtual resource flows between
regions and one of the tele-connections between coupled human
and natural systems.12,17−19

From a consumption perspective, agricultural land use (ALU)
and agricultural water use (AWU) are closely connected
through trade.20 Separate analysis of ALU and AWU ignores
the increasing tight interdependence of land and water
resources, and the management of one resource would lead to
adverse effects for the other one.1 There are numerous studies
providing assessments on the land-water nexus based on
bottom-up methods to analyze rubber21 and sugar cane
production22 and the large-scale farmland investments of
Europe.23 However, bottom-up methods can only trace bilateral
trade rather than the whole supply chain and fail to identify the
final resource consumer in more complex supply chains.24,25

The multiregional input−output model (MRIO) has a
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comprehensive system boundary avoiding the mistake of
incomplete supply chains and thus allows to link resource
extraction and environmental impacts along complex supply
chains.16

There are many studies assessing the virtual resources flows
separately based onMRIO. These studies show that virtual ALU
and AWU embodied in trade were predominantly exported from
inland regions to the coastal regions and intensified regional
water scarcity in China.11,12,26 Moreover, virtual water flows
patterns in China are similar to land12 andmay be determined by
differences in regional land productivity.27 In China, agricultural
land availability per capita of north regions was generally much
higher than in the south regions. When only considering the
abundance of agricultural land, northern regions have a
comparative advantage for agricultural production over the
southern regions. The coastal southern regions have a
comparative advantage in terms of industrial production and
higher opportunity costs of agricultural production, which led to
a dominance of agricultural production in northern China.28

When also considering water resources, northern regions lost
this comparative advantage due to serious water scarcity.29 In
addition, the neglect of highly interdependent connection of
land and water resources would lead to partial or even wrong
answers as land use change such as the increase urban areas
would decrease the runoff.30 As a result, resources management
needs nexus perspective.20

The assessment of the land−water nexus,31 land−water−
food,2 or water−energy-food nexus has been done on global,1

national,32 regional,33 urban,34 and local35 scales. These studies
quantified the close interaction between different resources and
provide valuable information for resource managers. However,
most previous studies made the nexus assessment at a specific
time, and there are few studies that have assessed changes in the
resource nexus with socio-economic transformation. During the
past decade, GDP per capita of China has increased from 2061
(constant 2010 US$) in 2002 to 5325 (constant 2010 US$) in
2012.36 Moreover, China is experiencing a nutritional transition
with a reduced intake of carbohydrates and increased
consumption of animal-sourced foods.37 For example, per
capita consumption of meat increased by more than 30% during
the past two decades while the consumption of cereals decreased
by 30% over the same period.38 These socio-economic changes
have a profound influence on resource use and related virtual
ALU and AWU flows.39 The changes in land−water nexus
assessment of interprovincial trade over time and the driving
forces behind the variation have rarely been explored before in
China.
In addition, the Chinese government seeks the realization of

“beautiful China” in 2035, which aspires to achieve the current
environmental quality of Europe. To reach this goal, current
resource use would need to be changed which may lead to the
variation of virtual ALU and AWU flows in the future. However,
the agricultural land−water nexus within China and the
following variation in the future still have attracted little
attention by researchers.
To fill the knowledge gap, this study adopted an MRIO

approach to analyze the interactions of ALU and AWU across 30
provinces from the land-water nexus perspective and employed
structural decomposition analysis (SDA) to reveal the driving
forces of changes for two highly interconnected virtual resource
flows in China during 2002 and 2012. More importantly, a
scenario analysis was used to trace the corresponding variations
of virtual ALU and AWU on the basis of China’s provincial

socio-economic trends and efforts to improve resource efficiency
in 2035. The above works are the main innovations of this article
compared with previous studies, and our findings may provide
significant information for potential solutions to China’s
regional water shortage from a land−water nexus perspective
for decision-makers. It should be noted that there are still some
uncertainties in our scenario analysis, which may cause
inaccurate results due to limitations of data and methodology.
We have minimized the impact of uncertainties on our results
under current conditions and listed all possible uncertainties in
Section 4.1.

2. MATERIALS AND METHODS
2.1. Calculating Trade-Embodied ALU and AWUBased

on MRIO. In this study, the MRIO with 30 regions and 29
sectors (details see our previous paper29) has been used to
calculate the resources endowments (which are ALU and AWU
in this study) associated with China’s interprovincial trade
network. We complied a revised MRIO table by integrating
regional resource flows into economic flows. Here, regions are
connected through interprovincial trade. The technical
coefficient matrix A is calculated by aij

pq = zij
pq/xj

q, which shows
the intersector monetary flow from sector i in province p to
sector j in province q; xj

q is the total output of sector j in province
q. Y is a final demand matrix consists of ypq which represents a
vector of each sector’s output produced in province p consumed
by the final user in province q and the x is a vector of sectoral
outputs in all provinces. The equations of these can be shown by
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In consistence with the traditional single-region IO frame-
work, the equilibrium in MRIO framework can be displayed by
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Based on the above equations, we get the following typical
equation based on input-output analysis,40

= +x Ax Y (5)

To solve x, we can get the following eq 6,
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= − −x I A Y( ) 1 (6)

where (I − A)−1 is the Leontief inverse matrix and captures the
direct and indirect inputs to satisfy one unit of final demand in
monetary values; I is the identity matrix:
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The MRIO has been extended with resources coefficients ( f)
by using land or water use to calculate the embodied land and
water use in goods and services are shown by the following
equation:

= − −R f I A Y( ) 1
(8)

where R is the total ALU or AWU embodied in goods and
services ultimately consumed for final demand and the Rpq is the
row vector whose element Rj

pq denotes the total resources
supplied by region p to other regions to generate one monetary
unit of final demand in sector j of region q. Note that f is a matrix
of direct ALU or AWU per unit of agricultural output and for
other sectors, f is 0.
The interprovincial trade will greatly redistribute the

resources use of different provinces.41 In this study, we defined
the resources embodied in interprovincial trade (RET) as an
indicator that reveals intrinsic linkages between resource
consumption and production by tracking back to where the
resources impact really occurs. The indicator comprises three
parts, resources embodied in interprovincial import (REI),
resources embodied in interprovincial export (REE), and net
outflow of resources embodied in interprovincial trade (REN),
the equation of these can be shown by

∑= f TREEp

p

p pq

(9)

∑= f TREIp

p

q qp

(10)

= −REN REE REIp p p (11)

where Tpq shows the monetary value of goods or services sold
from region p to region q, and Tqp is the monetary value of goods
or services sold from region q to region p. The environmentally
extended MRIO framework described above provides a simple,
robust, and widely used approach for evaluating the linkages
between production and consumption activities within and
between regions and the related consumption of resources42

(ALU and AWU in this study). We calculate the virtual or
embodied ALU and AWU for the years 2002, 2007, and 2012
covering the entire national supply chains related to the
production and consumption of agricultural products. The
three years of MRIO have been deflated to the constant price of
2002 based on the GDP price deflator29,43,44 which is derived
from the China Statistical Yearbook.3,45,46

2.2. Tracing Hidden Driving Forces Based on SDA. The
SDA method is a widely used method to model the drivers of
change in pollution emission47 and water use.48 To estimate the
drivers of change in resources embodied in trade, eq 8 has been
decomposed into resources efficiency (E refers to resource
consumption per unit of total output or resource intensity), the

Leontief inverse matrix (L) (production structure) and the final
demand which is the Y in the eq 6 has been further decomposed
into final demand structure (S) (the share of each final demand
category in the total final demand)final demand per capita (F)
(economic development) and population (P). As a result, the
changes in trade embodied resources can be decomposed as

Δ = Δ × × × × + × Δ × × ×
+ × × Δ × ×

+ × × × Δ × + × × × × Δ

R E L S F P E L S F P
E L S F P

E L S F P E L S F P (12)

whereΔshows the changes in a factor.ΔR shows the variation of
trade embodied resource use (ALU or AWU). Each of the five
terms in eq 10 represents the contribution to changes in trade
embodied resources use by one driving force if other variables
remained the same. For example, the formulaΔE × L × S × F ×
P represents the contribution of changes in resource intensity
(ΔE) to the total variation of trade embodied resources use
when other factors remain unchanged. The five factors in our
SDA model have 5!=120 first-order decomposition.49 In this
study, all possible first-order decompositions have been
averaged, and detailed discussion about this can be found in a
previous study.50

2.3. Data Sources. The ALU data for 30 provinces in China
in 2002, 2007, and 2012 came from the China Statistical
Yearbook.3,45,46 According to the official statistics, agricultural
land denotes the land used for agricultural production which
includes cropland, garden land, forest land, pastureland, and
other agricultural lands. The AWU in this study was defined as
the water withdrawal of agriculture and the data used for 30
provinces in China in 2002, 2007, and 2012 was obtained from
the corresponding year of China Water Resources Bulletin.4,51,52

We did not adopt water consumption which is frequently used
by other studies12 as water management of the Chinese
government is based on water withdrawal rather than
consumption. Total water use targets and water use efficiency
goals are based on water withdrawal. Thus, to use water
withdrawal rather than consumption provides a better direct link
to government initiatives. We also made an assessment of water
scarcity for each province. The water scarcity index has been
defined as the ratio of annual freshwater withdrawal to the
renewable freshwater availability to the total water resources.53

Following previous studies,11,53 a water scarcity index larger than
0.2 is considered water-scarce as water stress can begin to be a
limiting factor to economic development.54

Green water has not been considered for two reasons: First,
green water is not directly accessible for alternative human use
and without contributions to water scarcity.55,56 Second, the
calculation of green water is based on the crop water
requirements and effective precipitation57 which may not be
influenced by the technological level (shown by water use
intensity in this study). This would lead to meaningless SDA
results as green water would not change on the same time scale
with technological innovation.
The Multi-Regional Input−Output Table (MRIOT) used in

this paper was compiled based on 30 provincial input-output
tables (IOT) for 2002, 2007, and 2012 released by the National
Bureau of Statistic. The intersectoral trade flows between
provinces were traced by a hybrid technique based on maximum
entropy and dual-constrained gravity models.58 The MRIOT
contains 30 provinces and 29 economic sectors for each
province. Moreover, imported goods were separated from
domestic goods for both intermediate and final use as the
original provincial monetary input−output tables consider
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domestic goods and imports together.59 More details about how
we compile theMRIOT can be found in Supporting Information
(SI).

3. RESULTS

3.1. The Spatial-Temporal Changes of Virtual ALU and
AWU Flows within China. With increasing interprovincial
trade, flows of virtual ALU and AWU have increased
considerably from 2002 to 2012. In 2002, virtual ALU flows
were 140.91 million hectares (mh) and accounted for 24% of
total ALU, whereas in 2007 and 2012, this number increased to
51% and 56%, respectively. This shows the increasing
importance of interprovincial trade in the appropriation of
ALU and AWU. Similarly, virtual AWU flows also show an
increasing trend between 2002 and 2012. Virtual AWU flows
represented 13% of the total AWU, which was 71.3 billion cubic
meters (bcm) in 2002. In 2007 and 2012, the number increased
to, respectively, 138.5 and 174.3 bcm and accounted for
respectively 25% and 32% of total AWU.
The virtual flows of ALU and AWU show some level of

synchronization. As Figure 1 shows, the Northeast and
Northwest were the main exporters and the East and South
coast were the main importers for both virtual ALU and AWU
flows. Moreover, from 2002 to 2012 the regions have solidified
their functional roles of virtual resources import and export
within the country. The net exports of virtual ALU and AWU
further increased fromNortheast and Northwest to the East and
South coast during the study period. While most provinces
located in the Northeast and Northwest face water scarcity

during the study period (see SI for data). Our results also show
that the virtual AWU of China intensified regional water scarcity
instead of mitigating it, as proved by previous studies.11,12,26

While the Northeast and Northwest has an abundance of
agricultural land when compared with coastal regions. As a
result, there is a tension between ALU and AWU due to trade
between regions.

3.2. Virtual ALU and AWU Flows between Provinces in
China Between 2002 and 2012. At the province level, virtual
ALU and AWU tend to flow from inland regions to coastal
regions (Figure 2). Inland regions such as Inner Mongolia,
Heilongjiang, and Xinjiang were the main virtual ALU exporters,
and these three accounted for 36% total interprovincial export of
agricultural land in 2002, 38% in 2007, and 46% in 2012,
confirming an increase in specialization and dependence on
agricultural production. These regions are all characterized by
agricultural land abundance, with much higher than average
agricultural land per capita. Coastal regions such as Zhejiang,
Shanghai, andGuangdong were themain virtual ALU importers.
The import of virtual ALU of these three accounted for more
than 11% of the total in 2002, 18% in 2007, and 20% in 2012.
The available per capita agricultural land of these regions is
much lower than the national average (see Figure 2, and the
whole picture of virtual ALU flow for each province in 2002,
2007, and 2012 can be found in the SI).
Inland regions such as Xinjiang, Inner Mongolia, and

Heilongjiang were the main virtual AWU exporters, accounting
for more than 26% of the total virtual AWU export (26% in 2002,
38% in 2007, and 42% in 2012). These regions also face serious

Figure 1.Virtual ALU (a, b, c) and AWU (d, e, f) flows between regions in China. The background shows total net virtual ALU and AWU export of the
region. The arrow shows the direction of the export, and the number on the arrow shows the net quantity of export over time.
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water scarcity (see Figure 2). Similar to the virtual ALU
importers, the main virtual AWU importers were also coastal
regions such as Guangdong, Zhejiang, and Fujian. Virtual AWU
imports of these three represented 12% of the total imports in
2002, 20% in 2007, and 22% in 2012. However, none of these
regions faced water scarcity in 2012 (the whole picture of virtual
AWU flows for each province in 2002, 2007, and 2012 can be
found in the SI). Agricultural export made little contribution to
regional GDP while consuming lots of agricultural land and
water resources. Agricultural export accounted for less than 12%

of the total regional GDP of the main virtual ALU and AWU
exporters, which hold more than 50% of the total agricultural
land and 25% of total water. These raising shares of export of
virtual resources indicates that the main exporters are locked
into an economic structure in which they are sacrificing their
scarce water resources to satisfy the demand of the main
importers for a relatively small return on value-added.

3.3. Drivers of Changes in Virtual ALU and AWU Flows
in China.We found that the growth of per capita final demand
or economic development and the reduction of resources

Figure 2.Main importers and exporters of virtual ALU (a) and AWU (b) among 30 provinces in 2002, 2007, and 2012. The horizontal gray bands in
(a) and (b) indicate agricultural land per capita and water scarcity index of each province, respectively.

Figure 3. Drivers of changes in virtual ALU (a) and AWU (b) embodied in domestic trades from 2002 to 2012. Each color pillar shows the
contribution of changes in factors to the total variation of trade embodied resources when other factors remain unchanged: ΔE (resources intensity),
ΔF (final demand per capita), ΔS (consumption structure), ΔL (production structure), ΔP (population).
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intensity were the main causes for the changes in virtual ALU
and AWU flows in China from 2002 to 2012 (Figure 3). The
SDA results show that economic growth was the main driver of
increasing virtual ALU and AWU flows. The increase of final
demand per capita would have increased trade-embodied ALU
by 442.9 million hectares, that is, an increase of 314% from 2002
to 2012 if other factors remained unchanged (the following
description in this part is also based on this assumption). The
contribution of changes in production structure, consumption
structure, and population growth was 5%, 68%, and 14%,
respectively. A reduction of agricultural land intensity would
have decreased virtual ALU by more than 300% which is 422.1
million hectares from 2002 to 2012.
The growth of final demand per capita would increase virtual

AWU flows by more than 308% which is 137.8 bcm from 2002
to 2012. Changes in consumption structure, production
structure, and population growth would also increase trade
embodied AWU by 34%, 136%, and 20% when comparing 2012
with 2002. At the same time, the reduction in water use intensity
of agriculture would decrease virtual AWU by 157.2 bcm.
At the provincial level, for the main virtual ALU and AWU

importers, per capita final demand growth made the largest
contribution to the increase of virtual ALU and AWU import
(see Figure 4). Per capita final demand growth would increase
the import of virtual ALU and AWU by more than 183% for the
main importers which included Zhejiang, Shanghai, and
Guangdong when compared to 2002. Consumption structure
changes also made contributions to the increase of virtual ALU
and AWU import. The contribution of changes in consumption
structure to the total increase of import would bemore than 52%
for the main importers, this indicates that the importers
consumed an increasing number of more resource-intensive
products like animal-based food from 2002 to 2012. The
population growth also made contributions (less than 20%) to
the increase of imports for the main importers.
On the other hand, for the main virtual ALU and AWU

exporters which included Xinjiang, Inner Mongolia, and

Heilongjiang, the reduction of resources intensity made the
largest contribution to the decrease of the virtual ALU and AWU
export of themain exporters. The reduction of resource intensity
would decrease the export of the resource by more than 35%.
Moreover, production structure change increased the export of
virtual ALU and AWU embodied in trade. Production change
would represent a more than 19% increase in the total export for
the main virtual ALU and AWU exporters. This indicates that
the main exporters had changed their production structure to
manufacture more resource intensity products to satisfy the
increasing demand of the main importers.

3.4. Scenarios Analysis of Virtual ALU and AWU Flows
in China. The improvement of water use efficiency (WUE)
could provide a possible solution to mitigate water scarcity and a
potential focal point for the government’s efforts. For example,
the central government requires the WUE to reach the level of
developed countries by 2035.60 At the same time, the Chinese
economy would be still at a medium-high speed increase to
2035. The World Bank has projected that China would surpass
the U.S. and become the largest global economic entity in 2030
and the GDP per capita would be 16,000 U.S dollars.36 Based on
the above and the main drivers (resources use intensity and final
demand per capita or economic development) of the changes in
virtual ALU and AWU during 2002−2012, which were
identified by SDA, we have provided a scenario analysis to
show the variation of virtual ALU and AWU between different
provinces in 2035. Our work may provide the opportunity to
mitigate China’s regional water resources scarcity from the
perspective of land−water nexus.
It is important to note that the WUE and economic

development of each province show a significant difference,
the gap of water use intensity and final demand per capita for
agriculture would show differences of several order of magnitude
(details list in SI Table S1). According to the National Water
Conservation Action Plan of China (NWCAPC), water use
intensity would reach the world advanced level in 2035.60 While
there are no targets for each province, we have set the water use

Figure 4. Main drivers of changes in virtual ALU and AWU for 30 provinces from 2002 to 2012.
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intensity target for each province of 2035 based on the
NWCAPC under the consideration of current differences.
Generally speaking, the WUE of inland regions were improving
faster than coastal regions during 2012−2035 as the inland
regions got more room of improvement (see SI Table S10 for
details). For the economic development, we adopted the
forecast of economic growth rate for each province in 2035
conducted by the State Information Center of China (SIC), an
authoritative think tank focusing on China’s economic analysis
and forecasting61 (details see SI Table S9). We set three
scenarios for the estimation of AWU and one scenario for ALU
(Table 1). Please note that our scenario analysis is trying to
provide a possible solution to mitigate the negative impact of
virtual AWU on regional water resources under the uneven
distribution of agricultural land availability. In this case, we did
not consider the improvement of agricultural land use efficiency
as the main exporters are characterized by an abundance of
agricultural land.
SW1 shows that the main exporters and importers would stay

unchanged in 2012 when the per capita final demand of each
province increased between 2013−2035 as the projection rate
from SIC (see Figure 5), the quantity of virtual AWU flows in
SW1 would be about 100% larger than the ones in 2012 (348.6

vs 174.3 bcm). The net virtual AWU export of Northeast,
Northwest, and Central would increase by 201%, 289%, and
283%, respectively. SW2 shows that the water use intensity of
each province would be reduced based on the NWCAPC and
final demand per capita would remain unchanged. The net
virtual AWU export of the Northeast, Northwest, and Central
would be reduced by 52%, 63%, and 39% compared with the
ones in 2012. When combining the SW1 and SW2, the virtual
AWU flows would be reduced by 32% (117.8 vs 174.3 bcm)
compared with 2012 in SW3. The net virtual AWU export of
Northeast would be reduced by 2%, while the Northwest and
Central would increase by 8% and 38%. As SL1 show the virtual
ALU would increase by 92% under the projection of possible
economic development compared with 2012 (602.3 vs 313.1
mh), the net virtual ALU export of Northeast, Northwest, and
Central would increase by 69%, 119%, and 123% when
compared with 2012.

4. DISCUSSION

4.1. Limitations and Uncertainties. This study also faced
some existing limitations and assumptions in the process of
conducting research.

Table 1. Scenarios Analysis of Virtual ALU and AWU Flows in 2035

resources scenarios changes in resource intensity changes in per capita final demand

water SW1 remain unchanged as 2012 increase of per capita final demand for each province based on the report from
SIC

SW2 reduction of intensity for each province based on
NWCAPC

remain unchanged as 2012

SW3 reduction of intensity for each province based on
NWCAPC

increase of per capita final demand for each province based on the report from
SIC

land SL1 remain unchanged as 2012 increase of per capita final demand for each province based on the report from
SIC

Figure 5. Net virtual flows of AWU (a) and ALU (b) based on baseline and scenario analyses in 2035.

Environmental Science & Technology pubs.acs.org/est Policy Analysis

https://dx.doi.org/10.1021/acs.est.0c00256
Environ. Sci. Technol. 2020, 54, 5365−5375

5371

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00256/suppl_file/es0c00256_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00256/suppl_file/es0c00256_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00256?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00256?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00256?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00256?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00256?ref=pdf


First, an aggregated agriculture sector in our MRIO table may
overestimate the impact of resources use improvement on the
reduction of virtual ALU and AWU flows. The agriculture sector
includes crop, forest, livestock, fishery, the huge increase of
noncrop products would also make contributions to the
reduction of resources-intensity. Our study focuses on changes
in virtual resource flows and the driving forces behind it from
2002 to 2012, the level of sectoral aggregation for different years
should be the same. However, the disaggregated agriculture
sectors only existed in 2012 for raw single IO tables of each
province. In this case, the only option was to use the more
aggregated version for all years.
Second, the scenario analysis of virtual AWU flows was based

on the data of 2002−2012 and NWCAPCwith the target for the
whole country which may inevitably lead to some uncertainties
of future virtual AWU flows for each province. For example,
reaching the WUE target of each province in our scenarios may
need lots of economic input which our study had not considered.
Third, the scenario analysis of this study had been done based

on SDA, we only made the assumptions about the changes in
resource intensity and final demand per capita which made the
largest contribution to the variation of virtual ALU and AWU
flows during the study period. While, other factors, including
production structure change, consumption structure change,
and population growth, contributed to a lesser extent or were
hard to predict, so we did not consider them in our scenarios.
Themissing factors would lead to some biases due to inadequate
data and methods, although we have tried to minimize them. So
the purpose of this article is not to make precise predictions, but
to show the possible variation of virtual resources flows with
socio-economic transformation in the future under the
consideration of the most important influencing factors.
Fourth, we only considered ALU and AWU in our study, the

land use data matched with other sectors in MRIO were not
officially available during the study period. The agricultural land
takes a dominant position among different land-use type for all
the provinces (the percentage were more than 60%3). As a
result, although we failed to assess the land−water nexus for the
whole economy, our results could still provide valuable
information for the synergistic management of land and water
resources.
4.2. Policy Implications. Our results show that the

assessment of virtual water transfers should consider land use
at the same time. Agriculture accounts for more than 80% of the
virtual water transfers in China.41 Water supply is unevenly
distributed in China; the North has a large share of the
population and inadequate water resources, yet provinces in the
North, such as Inner Mongolia, were the main exporters of
virtual agricultural water,62,63 further contributing to the water
scarcity of the North region.64 Previous studies argued that the
water-starved North regions should import water-intensive
products to satisfy their demand instead of constructing a very
expensive water diversion project such as the South-to-North
(S−N) Water Transfer.26,65 When considering agricultural land
availability, the proposal of these studies of reversing the
direction of virtual water transfers may be difficult to realize.
Agricultural land of the main virtual ALU exporters, such as
InnerMongolia, Xinjiang, are much higher than the average level
of the whole country (2.7, 3.4 vs 0.8 ha/person in 2012). At the
same time, the agricultural land of the importers which are also
the virtual AWU importers like Zhejiang, Shanghai, and
Guangdong are much lower than the average level of the
whole country (0.2, 0.2, and 0.02 vs 0.8 ha/person in 2012) and

thus the opportunity costs for agriculture are much higher.
Moreover, South China has undergone a rapid economic
transformation and accelerated urbanization and the area of
agricultural land has decreased since 2000.66 For example, in
Shanghai, the total area of agricultural land had decreased from
38.5 million hectares in 2002 to 31.7 million in 2012. In
addition, according to Zhao et al.,27 water-rich regions prefer to
use their land resources for nonagricultural production and
import agricultural products from other regions as the land
productivity gap between nonagricultural and agricultural
production is much bigger than those in water-scarce regions.
To sum up, the spatial distribution of agricultural land has
defined the North region of China to play the role as the virtual
AWU importers in a way although the trade between regions has
intensified regional water scarcity.
Our results raise the question of how to solve the negative

impact of virtual AWU flows on regional water scarcity given the
uneven distribution of agricultural land. According to Zhao et
al.,27 an increase in land productivity of agriculture in southern
regions would contribute to the reduction of mitigating water
scarcity of the North. While extra resources would be needed to
increase land productivity of agriculture, like a significant
increase of fertilizers which would lead to new problems such as
eutrophication67,68 and more water use,69 although less of a
problem for water-rich areas in the south. In other words, the
improvement of agricultural land productivity may put pressure
on regional water resources.70 Our SDA results highlight that an
increase in water productivity is another important venue to
mitigate virtual water flows.
We developed scenarios for virtual ALU and AWU flows

based on possible economic growth and potential water
productivity in 2035. The scenario analysis shows that virtual
AWU flows would put more pressure on regional water
resources especially in Northeast, Northwest, and Central.
The increase of net virtual AWU export accounted for 12%, 30%
and 4% of the total water resources of Northeast, Northwest, and
Central in 2012 under possible economic growth scenarios until
2035. On the other hand, if economic growth remained
unchanged while reducing the intensity, the negative impact of
virtual AWU flows on regional water scarcity would be
mitigated. The net virtual AWU export of Northeast, Northwest,
and Central would be decreased to the quantity which only
accounted for 3%, 6%, and 1% of the total regional water
resources in 2012 when reducing water intensity in SW2. To
improve WUE of agriculture, enlarging the farm size could be
taken as a potential solution. Previous studies show that larger
farm size is correlated with higher irrigation efficiency.71,72 At
the moment, there are many small farms, especially in North,73

which may contribute to the lower WUE of the main exporters.
The North regions would achieve larger farm sizes through the
land transfer of cultivated land to latifundia (Zhuan̅gyuań in
Chinese),74 that is, a pattern where land ownership is
concentrated in larger units. This has already been done in
richer regions such as the East Coast,75 to improve agricultural
WUE and mitigate negative impacts of virtual water flows on
regional water resources.
When combining the possible economic development and

reduction of water use intensity together, the total virtual AWU
flows would increase (see SW3). The increase of net virtual
AWU export of Central and Northwest would equal 0.6% and
0.8% of the total regional water resources respectively in SW3,
whereas the decrease of net virtual AWU export of Northeast
equal to 1.2% of the total regional water resources in SW3. These
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results indicate that the future possible economic development
wouldmake little impact on regional water resources if theWUE
would reach to world-class advance level in 2035. In other
words, the water resources would be enough to support the
agricultural economic growth in 2035 if the water use intensity
reaches the target of NWCAPC.
Moreover, under the projection of economic growth in 2035,

the scenario analysis shows that the net virtual ALU export of
Northeast, Northwest, and Central would account for 101%,
108%, and 54% of their respective available agricultural land in
2012. In other words, the regional agricultural land availability
would not be enough to sustain future economic growth without
larger international imports and given current provincial trade
patterns. Although the Northeast and Northwest have a
comparative advantage to produce agricultural products when
considering current agricultural land availability, possible future
economic development would eliminate this advantage if
agricultural land use intensity remained unchanged.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c00256.

Detailed information about China’s MRIO in 2002, 2007,
and 2012, virtual ALU and AWU flows at provincial level
and how tomake scenario analysis about this study (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Wei Zhang − State Environmental Protection Key Laboratory of
Environmental Planning and Policy Simulation, Chinese
Academy of Environmental Planning, Beijing 100012, China;
The Center for Beijing-Tianjin-Hebei Regional Environment,
Chinese Academy of Environmental Planning, Beijing 100012,
China; orcid.org/0000-0001-9279-380X;
Email: zhangwei4573@163.com

Yu Liu− Institute of Science and Development, Chinese Academy of
Sciences, Beijing 100190, China; School of Public Policy and
Management, University of Chinese Academy of Sciences, Beijing
100049, China; Email: liuyu@casipm.ac.cn

Authors
Beiming Cai − The college of Environment and Planning, Henan
University, Kaifeng 475004, China; Key Laboratory of
Geospatial Technology for the Middle and Lower Yellow River
Regions (Henan University), Ministry of Education, Kaifeng
475004, China; Research Center for Rural Revitalization
Strategy of Henan University, Kaifeng 475004, China

Klaus Hubacek − Center for Energy and Environmental Sciences
(IVEM), Energy and Sustainability Research Institute Groningen
(ESRIG), University of Groningen, Groningen 9747, AG, The
Netherlands; International Institute for Applied Systems Analysis,
A-2361, Laxenburg, Austria

Kuishuang Feng − Department of Geographical Sciences,
University of Maryland, College Park, Maryland 20742, United
States; orcid.org/0000-0001-5139-444X

Feng Wang − Business School, Nanjing University of Information
Science & Technology, Nanjing 210044, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.0c00256

Author Contributions
B. C., W.Z., K.H., K.F., and L.Y. designed the study; Y.L.
complied the MRIO table; B.C. and W.Z. conducted the
calculation; B.C., K.H., K.F., W.Z., W.F., and L.Y. conducted the
analysis; B.C. and W.Z. drew the figures; all authors have
participated the writing of the paper.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work is supported by the National Science Foundation of
China (Grant Nos. 71603097 and 91846301), Chinese
Academy of Engineering (Grants Nos. 2018-ZD-06-04 and
2019-XZ-73), the National Key Research and Development
Program of China (Grant Nos. 2016YFA0602500) and the
Strategic Priority Research Program of Chinese Academy of
Sciences (Grant No. XDA20100104), Young Elite Scientists
Sponsorship Program by Henan Association for Science and
Technology (Grant No. 2020HYTP045) and the National
Natural Science Foundation of China (Grant No.71974186).

■ REFERENCES
(1) Chen, B.; Han, M.; Peng, K.; Zhou, S.; Shao, L.; Wu, X.; Wei, W.;
Liu, S.; Li, Z.; Li, J. Global land-water nexus: Agricultural land and
freshwater use embodied in worldwide supply chains. Sci. Total Environ.
2018, 613, 931−943.
(2) Ren, D.; Yang, Y.; Yang, Y.; Richards, K.; Zhou, X. Land-Water-
Food Nexus and indications of crop adjustment for water shortage
solution. Sci. Total Environ. 2018, 626, 11−21.
(3) State Statistics Bureau. China Statistical Yearbook 2013; China
Statistics Press: Beijing, 2013.
(4)Ministry of Water Resources.ChinaWater Resources Bulletin 2012;
pChina WaterPower Press: Beijing, 2013.
(5) Deng, X.; Huang, J.; Rozelle, S.; Uchida, E. Cultivated land
conversion and potential agricultural productivity in China. Land Use
Polym. 2006, 23 (4), 372−384.
(6) Liu, J.; Yang,W.Water sustainability for China and beyond. Science
2012, 337 (6095), 649−650.
(7) Liu, J.; Lundqvist, J.; Weinberg, J.; Gustafsson, J. Food losses and
waste in China and their implication for water and land. Environ. Sci.
Technol. 2013, 47 (18), 10137−10144.
(8) He, P.; Baiocchi, G.; Hubacek, K.; Feng, K.; Yu, Y. The
environmental impacts of rapidly changing diets and their nutritional
quality in China. Nature Sustainability 2018, 1 (3), 122−127.
(9) Yu, Y.; Feng, K.; Hubacek, K.; Sun, L. Global Implications of
China’s Future Food Consumption. J. Ind. Ecol. 2016, 20 (3), 593−602.
(10) Giampietro, M.; Aspinall, R. J.; Ramos-Martin, J.; Bukkens, S. G.
Resource Accounting for Sustainability Assessment: The Nexus between
Energy, Food, Water and Land Use; Routledge, 2014.
(11) Zhao, X.; Liu, J.; Liu, Q.; Tillotson, M. R.; Guan, D.; Hubacek, K.
Physical and virtual water transfers for regional water stress alleviation
in China. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (4), 1031−1035.
(12) Guo, S.; Shen, G. Q. Multiregional input-output model for
China’s farm land and water use. Environ. Sci. Technol. 2015, 49 (1),
403−414.
(13) Jiang, Y. China’s water scarcity. J. Environ.Manage. 2009, 90 (11),
3185−3196.
(14) Chen, G. Q.; Han, M. Y. Virtual land use change in China 2002−
2010: Internal transition and trade imbalance. Land Use Polym. 2015,
47, 55−65.
(15) Guan, D.; Hubacek, K. Assessment of regional trade and virtual
water flows in China. Ecolog. Econ. 2007, 61 (1), 159−170.
(16) Wiedmann, T. A review of recent multi-region input-output
models used for consumption-based emission and resource accounting.
Ecolog. Econ. 2009, 69 (2), 211−222.

Environmental Science & Technology pubs.acs.org/est Policy Analysis

https://dx.doi.org/10.1021/acs.est.0c00256
Environ. Sci. Technol. 2020, 54, 5365−5375

5373

https://pubs.acs.org/doi/10.1021/acs.est.0c00256?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00256/suppl_file/es0c00256_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9279-380X
mailto:zhangwei4573@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:liuyu@casipm.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beiming+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Hubacek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuishuang+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5139-444X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00256?ref=pdf
https://dx.doi.org/10.1016/j.scitotenv.2017.09.138
https://dx.doi.org/10.1016/j.scitotenv.2017.09.138
https://dx.doi.org/10.1016/j.scitotenv.2018.01.071
https://dx.doi.org/10.1016/j.scitotenv.2018.01.071
https://dx.doi.org/10.1016/j.scitotenv.2018.01.071
https://dx.doi.org/10.1016/j.landusepol.2005.07.003
https://dx.doi.org/10.1016/j.landusepol.2005.07.003
https://dx.doi.org/10.1126/science.1219471
https://dx.doi.org/10.1021/es401426b
https://dx.doi.org/10.1021/es401426b
https://dx.doi.org/10.1038/s41893-018-0035-y
https://dx.doi.org/10.1038/s41893-018-0035-y
https://dx.doi.org/10.1038/s41893-018-0035-y
https://dx.doi.org/10.1111/jiec.12392
https://dx.doi.org/10.1111/jiec.12392
https://dx.doi.org/10.1073/pnas.1404130112
https://dx.doi.org/10.1073/pnas.1404130112
https://dx.doi.org/10.1021/es503637f
https://dx.doi.org/10.1021/es503637f
https://dx.doi.org/10.1016/j.jenvman.2009.04.016
https://dx.doi.org/10.1016/j.landusepol.2015.03.017
https://dx.doi.org/10.1016/j.landusepol.2015.03.017
https://dx.doi.org/10.1016/j.ecolecon.2006.02.022
https://dx.doi.org/10.1016/j.ecolecon.2006.02.022
https://dx.doi.org/10.1016/j.ecolecon.2009.08.026
https://dx.doi.org/10.1016/j.ecolecon.2009.08.026
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00256?ref=pdf


(17) Yu, Y.; Feng, K.; Hubacek, K. Tele-connecting local consumption
to global land use. Glob. Environ. Change-Human Policy Dimens. 2013,
23 (5), 1178−1186.
(18) Liu, J.; Mooney, H.; Hull, V.; Davis, S. J.; Gaskell, J.; Hertel, T.;
Lubchenco, J.; Seto, K. C.; Gleick, P.; Kremen, C. Systems integration
for global sustainability. Science 2015, 347 (6225), 1258832.
(19) Liu, J.; Dietz, T.; Carpenter, S. R.; Alberti, M.; Folke, C.; Moran,
E.; Pell, A. N.; Deadman, P.; Kratz, T.; Lubchenco, J. Complexity of
coupled human and natural systems. Science 2007, 317 (5844), 1513−
1516.
(20) Ringler, C.; Bhaduri, A.; Lawford, R. The nexus across water,
energy, land and food (WELF): potential for improved resource use
efficiency? Curr. Opin. Environ. Sustain. 2013, 5 (6), 617−624.
(21) Chiarelli, D. D.; Rosa, L.; Rulli, M. C.; D’Odorico, P. The water-
land-food nexus of natural rubber production. J. Cleaner Prod. 2018,
172, 1739−1747.
(22) Silalertruksa, T.; Gheewala, S. H. Land-water-energy nexus of
sugarcane production in Thailand. J. Cleaner Prod. 2018, 182, 521−528.
(23) Siciliano, G.; Rulli, M. C.; D’Odorico, P. European large-scale
farmland investments and the land-water-energy-food nexus. Adv.
Water Resour. 2017, 110, 579−590.
(24) Feng, K.; Chapagain, A.; Suh, S.; Pfister, S.; Hubacek, K.
Comparison of bottom-up and top-down approaches to calculating the
water footprints of nations. Econ. Systems Res. 2011, 23 (4), 371−385.
(25) Hubacek, K.; Feng, K. Comparing apples and oranges: some
confusion about using and interpreting physical trade matrices versus
multi-regional input-output analysis. Land Use Polym. 2016, 50, 194−
201.
(26) Zhang, C.; Anadon, L. D. A multi-regional input-output analysis
of domestic virtual water trade and provincial water footprint in China.
Ecolog. Econ. 2014, 100, 159−172.
(27) Zhao, D.; Hubacek, K.; Feng, K.; Sun, L.; Liu, J. Explaining virtual
water trade: A spatial-temporal analysis of the comparative advantage of
land, labor and water in China. Water Res. 2019, 153, 304−314.
(28) Feng, K.; Hubacek, K.; Pfister, S.; Yu, Y.; Sun, L. Virtual Scarce
Water in China. Environ. Sci. Technol. 2014, 48 (14), 7704−7713.
(29) Cai, B.; Zhang, W.; Hubacek, K.; Feng, K.; Li, Z.; Liu, Y.; Liu, Y.
Drivers of virtual water flows on regional water scarcity in China. J.
Cleaner Prod. 2019, 207, 1112−1122.
(30) Calder, I. Blue Revolution: Integrated Land and Water Resources
Management; Routledge, 2012.
(31) Liu, Y.; Wang, S.; Chen, B. Water-land nexus in food trade based
on ecological network analysis. Ecol. Indic. 2019, 97, 466−475.
(32) Owen, A.; Scott, K.; Barrett, J. Identifying critical supply chains
and final products: An input-output approach to exploring the energy-
water-food nexus. Appl. Energy 2018, 210, 632−642.
(33) Lee, S.-H.; Mohtar, R. H.; Yoo, S.-H., Assessment of food trade
impacts on water, food, and land security in the MENA region. Hydrol.
Earth Syst. Sci. 2019, 23 (1), 557,
(34) Liang, S.; Qu, S.; Zhao, Q.; Zhang, X.; Daigger, G. T.; Newell, J.
P.; Miller, S. A.; Johnson, J. X.; Love, N. G.; Zhang, L. Quantifying the
Urban Food-Energy-Water Nexus: The Case of the Detroit
Metropolitan Area. Environ. Sci. Technol. 2019, 53 (2), 779−788.
(35) Huang, D.; Li, G.; Sun, C.; Liu, Q. Exploring interactions in the
local water-energy-food nexus (WEF-Nexus) using a simultaneous
equations model. Sci. Total Environ. 2020, 703, 135034.
(36) World Bank. China 2030Building a Modern, Harmonious, and
Creative Scoiety, 2012.
(37) Zhai, F.; Wang, H.; Du, S.; He, Y.; Wang, Z.; Ge, K.; Popkin, B.
M. Prospective study on nutrition transition in China. Nutr. Rev. 2009,
67 (s1), S56−S61.
(38) Wang, F.; Cai, B.; Zhang, B., A Bite of China: Food consumption
and carbon emission from 1992 to 2007. China Econ. Rev. 2016.
(39) Liu, J.; Savenije, H. H. G. Food consumption patterns and their
effect on water requirement in China. Hydrol. Earth Syst. Sci. 2008, 12
(3), 887−898.
(40) Miller, R. E. Input-Output Analysis: Foundations and Extensions;
Ronald, E. Miller, Peter, D. B., Eds.; Cambridge University Press:
Cambridge, UK, 2009.

(41) Cai, B.; Wang, C.; Zhang, B. Worse than imagined: Unidentified
virtual water flows in China. J. Environ. Manage. 2017, 196, 681−691.
(42) Kitzes, J. An introduction to environmentally-extended input-
output analysis. Resources 2013, 2 (4), 489−503.
(43) Lan, J.; Malik, A.; Lenzen, M.; McBain, D.; Kanemoto, K. A
structural decomposition analysis of global energy footprints. Appl.
Energy 2016, 163, 436−451.
(44) Lenzen, M.; Kanemoto, K.; Moran, D.; Geschke, A. Mapping the
structure of the world economy. Environ. Sci. Technol. 2012, 46 (15),
8374−8381.
(45) State Statistics Bureau. China Statistical Yearbook 2003; China
Statistics Press: Beijing, 2003.
(46) State Statistics Bureau. China Statistical Yearbook 2008; China
Statistics Press: Beijing, 2008.
(47) Zhang, W.; Wang, J.; Zhang, B.; Bi, J.; Jiang, H. Can China
comply with its 12th five-year plan on industrial emissions control: a
structural decomposition analysis. Environ. Sci. Technol. 2015, 49 (8),
4816−4824.
(48) Guan, D.; Hubacek, K.; Tillotson, M.; Zhao, H.; Liu, W.; Liu, Z.;
Liang, S. Lifting China’s water spell. Environ. Sci. Technol. 2014, 48
(19), 11048−11056.
(49) Dietzenbacher, E.; Los, B. Structural Decomposition Techni-
ques: Sense and Sensitivity. Econ. Systems Res. 1998, 10 (4), 307−324.
(50) Hoekstra, R.; Bergh, J. C. J. M. v. d. Structural Decomposition
Analysis of Physical Flows in the Economy. Environ. Resource Econ.
2002, 23 (3), 357−378.
(51) Ministry of Water Resources. China Water Resources Bulletin
2002; China WaterPower Press: Beijing, 2003.
(52) Ministry of Water Resources. China Water Resources Bulletin
2007; China WaterPower Press: Beijing, 2008.
(53) Vörösmarty, C. J.; Green, P.; Salisbury, J.; Lammers, R. B. Global
water resources: vulnerability from climate change and population
growth. Science 2000, 289 (5477), 284−288.
(54) Raskin, P.; Gleick, P.; Kirshen, P.; Pontius, R., Jr; Strzepek, K.
Comprehensive Assessment of the Freshwater Resources of the World;
Stockholm Environment Institute, 1997.
(55) Eshel, G.; Shepon, A.; Makov, T.; Milo, R. Land, irrigation water,
greenhouse gas, and reactive nitrogen burdens of meat, eggs, and dairy
production in the United States. Proc. Natl. Acad. Sci. U. S. A. 2014, 111
(33), 11996−12001.
(56) Zhao, C.; Chen, B. Driving Force Analysis of the Agricultural
Water Footprint in China Based on the LMDI Method. Environ. Sci.
Technol. 2014, 48 (21), 12723−12731.
(57) Mekonnen, M. M.; Hoekstra, A. Y. The green, blue and grey
water footprint of crops and derived crop products. Hydrol. Earth Syst.
Sci. 2011, 15 (5), 1577−1600.
(58) Oguledo, V.; Macphee, C. R., Gravity models: a reformulation
and an application to discriminatory trade arrangements. Appl. Econ.
199426 (2), 107−120.
(59) Zhao, Y.; Nielsen, C. P.; Lei, Y.; McElroy, M. B.; Hao, J.
Quantifying the uncertainties of a bottom-up emission inventory of
anthropogenic atmospheric pollutants in China. Atmos. Chem. Phys.
2011, 11 (5), 2295−2308.
(60) National Development and Reform Commission. National
Water Conservation Action Plan of China. 2019.
(61) State Information Center. Economic and Social Forecasting and
Situation Judgement towards Beautiful China, 2019.
(62) Dalin, C.; Hanasaki, N.; Qiu, H.; Mauzerall, D. L.; Rodriguez-
Iturbe, I. Water resources transfers through Chinese interprovincial and
foreign food trade. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (27), 9774−
9779.
(63) Dalin, C.; Qiu, H.; Hanasaki, N.; Mauzerall, D. L.; Rodriguez-
Iturbe, I. Balancing water resource conservation and food security in
China. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (15), 4588−4593.
(64) Zhuo, L.; Mekonnen, M. M.; Hoekstra, A. Y. The effect of inter-
annual variability of consumption, production, trade and climate on
crop-related green and blue water footprints and inter-regional virtual
water trade: A study for China (1978−2008).Water Res. 2016, 94, 73−
85.

Environmental Science & Technology pubs.acs.org/est Policy Analysis

https://dx.doi.org/10.1021/acs.est.0c00256
Environ. Sci. Technol. 2020, 54, 5365−5375

5374

https://dx.doi.org/10.1016/j.gloenvcha.2013.04.006
https://dx.doi.org/10.1016/j.gloenvcha.2013.04.006
https://dx.doi.org/10.1126/science.1258832
https://dx.doi.org/10.1126/science.1258832
https://dx.doi.org/10.1126/science.1144004
https://dx.doi.org/10.1126/science.1144004
https://dx.doi.org/10.1016/j.cosust.2013.11.002
https://dx.doi.org/10.1016/j.cosust.2013.11.002
https://dx.doi.org/10.1016/j.cosust.2013.11.002
https://dx.doi.org/10.1016/j.jclepro.2017.12.021
https://dx.doi.org/10.1016/j.jclepro.2017.12.021
https://dx.doi.org/10.1016/j.jclepro.2018.02.085
https://dx.doi.org/10.1016/j.jclepro.2018.02.085
https://dx.doi.org/10.1016/j.advwatres.2017.08.012
https://dx.doi.org/10.1016/j.advwatres.2017.08.012
https://dx.doi.org/10.1080/09535314.2011.638276
https://dx.doi.org/10.1080/09535314.2011.638276
https://dx.doi.org/10.1016/j.landusepol.2015.09.022
https://dx.doi.org/10.1016/j.landusepol.2015.09.022
https://dx.doi.org/10.1016/j.landusepol.2015.09.022
https://dx.doi.org/10.1016/j.ecolecon.2014.02.006
https://dx.doi.org/10.1016/j.ecolecon.2014.02.006
https://dx.doi.org/10.1016/j.watres.2019.01.025
https://dx.doi.org/10.1016/j.watres.2019.01.025
https://dx.doi.org/10.1016/j.watres.2019.01.025
https://dx.doi.org/10.1021/es500502q
https://dx.doi.org/10.1021/es500502q
https://dx.doi.org/10.1016/j.jclepro.2018.10.077
https://dx.doi.org/10.1016/j.ecolind.2018.10.042
https://dx.doi.org/10.1016/j.ecolind.2018.10.042
https://dx.doi.org/10.1016/j.apenergy.2017.09.069
https://dx.doi.org/10.1016/j.apenergy.2017.09.069
https://dx.doi.org/10.1016/j.apenergy.2017.09.069
https://dx.doi.org/10.5194/hess-23-557-2019
https://dx.doi.org/10.5194/hess-23-557-2019
https://dx.doi.org/10.1021/acs.est.8b06240
https://dx.doi.org/10.1021/acs.est.8b06240
https://dx.doi.org/10.1021/acs.est.8b06240
https://dx.doi.org/10.1016/j.scitotenv.2019.135034
https://dx.doi.org/10.1016/j.scitotenv.2019.135034
https://dx.doi.org/10.1016/j.scitotenv.2019.135034
https://dx.doi.org/10.1111/j.1753-4887.2009.00160.x
https://dx.doi.org/10.5194/hess-12-887-2008
https://dx.doi.org/10.5194/hess-12-887-2008
https://dx.doi.org/10.1016/j.jenvman.2017.03.062
https://dx.doi.org/10.1016/j.jenvman.2017.03.062
https://dx.doi.org/10.3390/resources2040489
https://dx.doi.org/10.3390/resources2040489
https://dx.doi.org/10.1016/j.apenergy.2015.10.178
https://dx.doi.org/10.1016/j.apenergy.2015.10.178
https://dx.doi.org/10.1021/es300171x
https://dx.doi.org/10.1021/es300171x
https://dx.doi.org/10.1021/es504529x
https://dx.doi.org/10.1021/es504529x
https://dx.doi.org/10.1021/es504529x
https://dx.doi.org/10.1021/es501379n
https://dx.doi.org/10.1080/09535319800000023
https://dx.doi.org/10.1080/09535319800000023
https://dx.doi.org/10.1023/A:1021234216845
https://dx.doi.org/10.1023/A:1021234216845
https://dx.doi.org/10.1126/science.289.5477.284
https://dx.doi.org/10.1126/science.289.5477.284
https://dx.doi.org/10.1126/science.289.5477.284
https://dx.doi.org/10.1073/pnas.1402183111
https://dx.doi.org/10.1073/pnas.1402183111
https://dx.doi.org/10.1073/pnas.1402183111
https://dx.doi.org/10.1021/es503513z
https://dx.doi.org/10.1021/es503513z
https://dx.doi.org/10.5194/hess-15-1577-2011
https://dx.doi.org/10.5194/hess-15-1577-2011
https://dx.doi.org/10.1080/00036849400000066
https://dx.doi.org/10.1080/00036849400000066
https://dx.doi.org/10.5194/acp-11-2295-2011
https://dx.doi.org/10.5194/acp-11-2295-2011
https://dx.doi.org/10.1073/pnas.1404749111
https://dx.doi.org/10.1073/pnas.1404749111
https://dx.doi.org/10.1073/pnas.1504345112
https://dx.doi.org/10.1073/pnas.1504345112
https://dx.doi.org/10.1016/j.watres.2016.02.037
https://dx.doi.org/10.1016/j.watres.2016.02.037
https://dx.doi.org/10.1016/j.watres.2016.02.037
https://dx.doi.org/10.1016/j.watres.2016.02.037
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00256?ref=pdf


(65) Ma, J.; Hoekstra, A. Y.; Wang, H.; Chapagain, A. K.; Wang, D.
Virtual versus real water transfers within China. Philos. Trans. R. Soc., B
2006, 361 (1469), 835−842.
(66) Yu, C.; Huang, X.; Chen, H.; Huang, G.; Ni, S.; Wright, J. S.; Hall,
J.; Ciais, P.; Zhang, J.; Xiao, Y., Assessing the impacts of extreme
agricultural droughts in China under climate and socioeconomic
changes. Earth's Future 2018, 6, 689−703.
(67) Tilman, D. Global environmental impacts of agricultural
expansion: The need for sustainable and efficient practices. Proc.
Natl. Acad. Sci. U. S. A. 1999, 96 (11), 5995.
(68) Tilman, D.; Cassman, K. G.;Matson, P. A.; Naylor, R.; Polasky, S.
Agricultural sustainability and intensive production practices. Nature
2002, 418, 671.
(69) de Fraiture, C.; Wichelns, D. Satisfying future water demands for
agriculture. Agric. Water Manage. 2010, 97 (4), 502−511.
(70) Rosegrant, M. W.; Ringler, C.; Zhu, T. Water for Agriculture:
Maintaining Food Security under Growing Scarcity. Annu. Rev. Environ.
Resour 2009, 34 (1), 205−222.
(71) Manjunatha, A. V.; Anik, A. R.; Speelman, S.; Nuppenau, E. A.
Impact of land fragmentation, farm size, land ownership and crop
diversity on profit and efficiency of irrigated farms in India. Land Use
Polym. 2013, 31, 397−405.
(72) Skaggs, R. K.; Samani, Z. Farm size, irrigation practices, and on-
farm irrigation efficiency. Irrig. Drain. 2005, 54 (1), 43−57.
(73) Tan, M.; Robinson, G. M.; Li, X.; Xin, L. Spatial and temporal
variability of farm size in China in context of rapid urbanization. Chin.
Geogr. Sci. 2013, 23 (5), 607−619.
(74) Chaves, L. F. The dynamics of Latifundia formation. PLoS One
2013, 8 (12), No. e82863.
(75) Ye, J. Land Transfer and the Pursuit of Agricultural
Modernization in China. J. Agrar. Chang. 2015, 15 (3), 314−337.

Environmental Science & Technology pubs.acs.org/est Policy Analysis

https://dx.doi.org/10.1021/acs.est.0c00256
Environ. Sci. Technol. 2020, 54, 5365−5375

5375

https://dx.doi.org/10.1098/rstb.2005.1644
https://dx.doi.org/10.1002/2017EF000768
https://dx.doi.org/10.1002/2017EF000768
https://dx.doi.org/10.1002/2017EF000768
https://dx.doi.org/10.1073/pnas.96.11.5995
https://dx.doi.org/10.1073/pnas.96.11.5995
https://dx.doi.org/10.1038/nature01014
https://dx.doi.org/10.1016/j.agwat.2009.08.008
https://dx.doi.org/10.1016/j.agwat.2009.08.008
https://dx.doi.org/10.1146/annurev.environ.030308.090351
https://dx.doi.org/10.1146/annurev.environ.030308.090351
https://dx.doi.org/10.1016/j.landusepol.2012.08.005
https://dx.doi.org/10.1016/j.landusepol.2012.08.005
https://dx.doi.org/10.1002/ird.148
https://dx.doi.org/10.1002/ird.148
https://dx.doi.org/10.1007/s11769-013-0610-0
https://dx.doi.org/10.1007/s11769-013-0610-0
https://dx.doi.org/10.1371/journal.pone.0082863
https://dx.doi.org/10.1111/joac.12117
https://dx.doi.org/10.1111/joac.12117
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00256?ref=pdf

