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Abstract: How to meet food demands with limited cropland has become a serious problem
worldwide, especially in China. Global and national food trade can alleviate regional food unbalance
among different countries or regions to some extent. The embedded virtual land also flows with food
trade, and reasonable food trade can save global croplands and protect local ecosystems. Therefore,
it is of great importance to study how trade influences land use as well as its associated environmental
consequences. Recent studies have mainly focused on global food trade and its associated virtual
land flow; however, only a few have focused on national food trade and its associated virtual land
flow. Thus, this study aims to explore the domestic wheat trade and its associated virtual land
flows in China during the period 2010–2015, based on the CHINAGRO model and previous studies.
The Huang-Huai-Hai Plain and its surrounding regions were the main producers and consumers of
wheat and virtual wheat. Without wheat stocks and international wheat trade, the annual domestic
wheat trade accounted for 16.43% of the total national wheat production in China. Anhui was
the largest net exporter of wheat, followed by Henan, while the developed areas such as Beijing,
Guangdong, and Shanghai were the main net importers. Additionally, as an important transfer region,
Jiangsu was the largest exporter and importer of wheat virtual cropland, but it finally presented as a
net exporter of wheat cropland. During this period, domestic wheat trade led to a total land savings
of 2.62 Mha/a, accounting for 10.80% of Chinese wheat cropland. However, compared with the year
2010, Shandong, Hebei, and Sichuan turned into wheat net importers in 2015, which was due to
different reasons such as national agriculture polices and economic development. In addition, the net
virtual cropland per capita has been greatly influenced by local economic development.

Keywords: domestic trade; wheat consumption; wheat production; virtual cropland; China

1. Introduction

Land is the fundamental and limited natural resource of human existence and social development.
Due to urbanization, land use change, and population increase, ensuring food security with limited
cropland has become an urgent global issue [1]. At present, there is 1545.51 Mha of cropland in the
world, presenting considerable spatial differences globally [2]. Some countries such as Uganda are
facing serious cropland shortages, where limited croplands have led to local food shortages and have
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severely restricted their sustainable development. Mitigating food shortages due to limited croplands
is a key issue in the world.

International trade plays an important role in making up for the scarcity of croplands in some
countries [3]. For example, the international cereal trade can effectively ease pressures on domestic
food production in some island countries such as Japan and some arid countries such as Syria [1].
China, the largest developing country, has been under rapid urbanization and social development;
meanwhile, China has also faced some serious challenges posed by limited croplands due to a massive
population, poor cropland quality, potential cropland shortage, and serous pollution [4–6]. In 2014,
China has 135 Mha of arable land, equal to approximately 0.098 ha per capita, which is only 55.87% of
the global level [2,7]. More seriously, the arable croplands have been declining in China, with serious
soil and water loss [8,9]. These problems have already become key issues in China to balance cropland
protection and urbanization and to balance food production and environment protection.

Food trade, to some extent, can alleviate the restriction of food production in some regions with
limited cropland in China. Such trade is also highly important for more effectively balancing the
relationship between humans and land [10]. During the period 2010–2015, China annually imported
87.12 Mt of cereals, with an increasing trend [11]. Embodied natural resources flow with food
trade, suggesting that there are environmental consequences associated with food trade. Therefore,
some researchers have focused on how food trade influences resource utilization and its associated
environmental consequences, especially for water and land resources [12,13]. The concepts of virtual
water and virtual land were proposed to estimate water and land flows embodied in food trade as
well as their environmental consequences [1,14–19].

Virtual land was defined as the nontransferable land resources dependent on agricultural trade
across regions; in other words, land resources flow with the agricultural products traded from one
region to another [1,20,21]. Food trade can strengthen relationships between import countries and
export countries, including economy, natural resources, environment, and so on. It is hard to directly
estimate how food trade influences natural resources and local environment. Virtual land, as well as its
virtual flow, can effectively solve these problems, which can provide some useful information for both
countries. Although virtual land is highly important and helpful, there are still some disadvantages.
For example, virtual land does not consider differences between two regions, such as land quality,
radiation, water, and so on. Therefore, further studies on virtual land are required in the future.
By now, two distinctive methods, the environmentally extended input-output analysis model (IOA)
and the bottom-up direct trade analysis, are employed to estimate virtual land trade and its associated
environmental consequences caused by international trade [21–23] and domestic trade [24,25]. It was
found that international and national trade can effectively alleviate the land pressures from food
production [1,3,26–28]. In China, some scholars have also focused on virtual land flows due to food
trade. Zhang et al. [1] explored the great potential of international cereal trade for land conservation.
Chen & Han [21] studied how international trade influenced virtual land during the period 2002–2010,
based on the IOA model. Qiang et al. [3] evaluated and quantified the virtual land flows between
China and other countries as well as their land use efficiency. However, most recent studies focused on
international virtual land flows, and only a few studies focused on virtual lands and their associated
environmental consequences due to domestic food trade [16,24,29]. Furthermore, there are still some
gaps in virtual land flows caused by specific cereal trade in China.

Wheat is one of main staple foods in China, used for producing steamed bread, noodles,
dumplings, etc. As the largest producer and consumer, wheat consumption in China increased
significantly from 4.24 Mt in 1961 to 131 Mt in 2015, 1.56% of which in 2015 was imported from
other countries [11]. Meanwhile, there are considerable spatial differences of wheat production and
consumption in China, and most wheat is produced and consumed in North China. The domestic
wheat trade is of great significance in balancing these spatial differences of wheat croplands in
China. However, an analysis of interprovincial flows of wheat croplands, as well as their associated
consequences on the national wheat cropland balance, is still lacking. Therefore, in order to bridge
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these gaps, this study made full use of the CHINAGRO model to examine domestic wheat trade
among 31 provinces in China. Taiwan, Hong Kong, and Macau were excluded considering the wheat
trade cost described by Guo et al. [30]. We then estimated flows of virtual wheat cropland for the
period 2010–2015. In addition, we also discussed how domestic wheat trade influenced national wheat
cropland balance in China, from both production and consumption perspectives. This paper aims to
find out how domestic wheat trade changed for the period 2010–2015, as well as its environmental
consequences, based on the viewpoint of virtual land. Then, we also aim to provide some useful
information for national agricultural policies for future wheat production, land use, and environmental
protection in China.

2. Methods and Data

The detailed bottom-up method and the input-output method can be used to estimate the
embodied resource flows due to regional trade, such as virtual water and virtual land. The detailed
bottom-up method was applied in this study for estimating virtual land flows due to the domestic
interprovincial wheat trade in China during the period 2010–2015. The study area includes 31 provinces
in China, except Taiwan, Hong Kong, and Macau. The detailed methods were as follows.

2.1. Domestic Wheat Trade

The CHINAGRO model (Decision Support System for China’s Agricultural Sustainable
Development) is a multiregional agriculture-based spatial equilibrium model to estimate the national
trade of agricultural products in China, such as rice, wheat, maize, and so on. Then, it divides China
into seven large regions, including North China, Northwest China, East China, Central China, South
China, Southwest China, and Northwest China [31]. Based on local natural conditions, population,
and economic level, crop production and consumption for each region can be estimated by the
CHINAGRO model, as well as crop trade in China. Welfare optimization was the principal economic
tool applied to evaluate a range of scenarios and policy options to assess the technological feasibility,
economic costs, and environmental effects of food policy changes in China, as well as other problems
(http://webarchive.iiasa.ac.at/Research/LUC/External-Chinagro/index.html). Fischer et al. [31]
used this model to estimate the prospects and challenges of Chinese agriculture by 2030 under different
scenarios. Qiu et al. [32] used this model to analyze the effects of different fuel ethanol development
policies on agricultural prices. Based on the principle of the CHINAGRO model, Ben et al. [24]
estimated domestic crop trade among different provinces. Using costs of different trade, Guo et al. [30]
established a road-network model to obtain trade routes and costs considering the shortest distance
and the lowest cost, respectively.

Therefore, based on the principle of the CHINAGRO model and previous studies [24,30],
we quantified interprovincial wheat trades in China for the period 2010–2015, considering their
production and consumption. Like the CHINAGRO model, we took wheat production and
consumption into account, based on a multiregional spatial equilibrium model as well as their transport
costs. In our study, we considered domestic wheat production and consumption in 31 provinces
(excluding Taiwan, Hong Kong, and Macau), and we considered wheat stocks and wheat international
trade in a black box that was treated as the 32nd province. When wheat production was larger than
its consumption in one province, this province exported surplus wheat to other provinces; otherwise,
one province would import wheat from other provinces when consumption was much larger. When the
total wheat production was larger than the total wheat consumption of these 31 provinces, the surplus
wheat was stocked or exported to other countries, as the 32nd province in our study. In contrast,
the deficit of wheat consumption would be supplied by previous wheat stocks or international imports,
considered as imported from the 32nd province.

Based on the minimum trade cost, domestic wheat trade could be estimated by wheat production
and wheat consumption for each province using the CHINAGRO model and linear optimization
models. For the linear optimization model, wheat production and wheat consumption for each
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province were considered as the constraints, and wheat trade from province i to province j was
presented as Zij. The wheat trade cost Cij referred to the wheat trade cost from province i to province j,
and the minimum national wheat trade cost was considered to be the objective function. The linear
optimization model of linprog = (f, A, b, Aeq, beq, lb, [ ]) function was used to calculate domestic wheat
trade. The detailed method was as follows:

min
(

f = ∑
i=32,j=32
i=1,j=1 C ij × Zij

)
∑32

j=1 Zij ≤ Si, i = 1, 2, . . . , 32

∑32
i=1 Zij = Dj, j = 1, 2, . . . , 32

Zij ≥ 0

(1)

where Si represented the total wheat production in province i, Di represented the total wheat
consumption in province i, Zij represented the wheat trade from province i to province j, and Cij
represented the cost of wheat trade from province i to province j.

We obtained some data from China National Grain & Oil Information Center, including the annual
wheat production, wheat consumption, and their distribution for 31 provinces in China (except Taiwan,
Hong Kong, and Macau). The economic information was obtained from the Chinese Statistics Yearbook
for 2011–2016.

2.2. Virtual Wheat Cropland

The virtual land flow due to domestic wheat trade could be calculated from perspectives of
producers or consumers, depending on the wheat cropland footprint of producers or consumers [24].
The detailed information was as follows: Tij referred to the net wheat trade between province i and
province j and was calculated by subtracting Zij from Zji and taking the absolute value; if Zij was
larger than Zji, Tij meant the net wheat trade from province i to province j; otherwise, Tij meant the
net wheat trade from province j to province i. Wheat cropland footprint was defined as the amount
of land needed to produce 1 kg of wheat in a province and could be estimated by the total wheat
cropland Li and wheat production Pi in province i. Thus, LSi represented the land footprint in the
net export province i, and LDj represented the land footprint in the net export province j. VLTSij and
VLTDij represented the area of the virtual wheat cropland with the wheat trade from province i to
province j from the perspectives of producer i and consumer j, respectively. The detailed methods
were as follows:

VLTSij = Ti j × LSi = Ti j ×
Li
Pi

(2)

VLTDij = Ti j × LDj = Ti j ×
Lj

Pj
(3)

For wheat trade between two provinces, if the production of virtual wheat cropland (VLTSij) was
larger than the consumption of virtual wheat cropland (VLTDij), it indicated that the wheat trade
would waste the wheat cropland; otherwise, the wheat trade would save wheat cropland. Therefore,
the consequences of national wheat cropland balance due to domestic wheat trade (TLB) could be
estimated as follows:

TLB = ∑ VLTSij−∑ VLTDij (4)

where when the TLB was less than 0, it indicated that the domestic wheat trade would help to save
wheat cropland in China; otherwise, the domestic wheat trade would result in wheat cropland waste.

Furthermore, wheat cropland refers to the annual wheat sown area, but not the wheat arable land.
In China, some provinces such as Hainan do not cultivate wheat, and thus it is difficult to estimate
their wheat land footprint as well as their virtual land from the consumption viewpoint. In our study,
we assumed that wheat cropland saving was the consequence of the wheat trade, with its amount
equal to the virtual land from the production viewpoint.
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3. Results

3.1. Wheat Production and Consumption in China

3.1.1. Wheat Production in China

Figure 1 illustrates the total wheat production and consumption in China for the period 2010–2015.
The annual wheat production presented an increasing trend from 115.11 Mt/a in 2010 to 126.17 Mt/a
in 2015, with an annual yield of 4.92 t/(ha·a). The Huang-Huai-Hai Plain in North China was the
main wheat-producing area in China, including Shandong, Anhui, and Jiangsu in East China (E),
Henan in Central China (C), and Hebei in North China (N). These five provinces accounted for
approximately three-quarters of the total wheat production in China, with an annual yield of more
than 10 Mt/a. The remaining provinces produced only one-quarter of the total wheat, mainly in
Northeast China, Northwest China, South China, and Southwest China. The wheat yield was only
slightly different among provinces in China (Figure 2). For provinces in the Huang-Huai-Hai Plain,
their wheat yields were larger than the national average of 4.92 t/(ha·a). However, the wheat yield in
Northeast China was much lower than the national average, especially for Heilongjiang (2.51 t/(ha·a))
and Jilin (1.80 t/(ha·a)). The low yield led to lower income there, and consequently, local farmers
shifted to planting paddy rice for higher income. Compared with 2010, in 2015, wheat croplands in
Heilongjiang and Jilin decreased by 63.50% and 90.24%, respectively.
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3.1.2. Wheat Consumption in China

The annual wheat consumption amounted to 121.23 Mt/a during the period 2010–2015,
approximately 89.90 kg/a per capita. Approximately 90.28 Mt of wheat was consumed annually
for producing wheat flour, accounting for 74.47% of total wheat consumption, and the remaining was
consumed for other uses (Figure 3). Henan, Shandong, and Hebei were large wheat producers and
large wheat consumers in China. For these three provinces, their annual wheat consumption was
more than 10 Mt/a, totaling 47.65% of total wheat consumption in China, with more than 70% of
wheat consumption being used for wheat flour. Wheat consumption was also large in Jiangsu, Anhui,
Guangdong, Sichuan, and Hubei. More specifically, although Guangdong produced only a small
amount of wheat, it consumed a great deal of wheat traded from other provinces. There were great
differences in wheat uses among 31 provinces due to their distinct geography, climate, culture, and
economic level. More than 55% of wheat consumption was used for producing wheat flour in all
provinces in North China and Northwest China as well as some provinces in Northeast China and
Southwest China. However, more than one-half of the wheat consumption was used for purposes other
than wheat flour in Jilin, Zhejiang, Jiangxi, Hunan, Guangdong, Guangxi, and Chongqing. In particular,
only 18.41% and 15.47% of wheat consumption was used for producing wheat flour in Hunan and
Chongqing, respectively. Due to different cultures, wheat consumption per capita in China presented
great spatial differences. Wheat consumption per capita was higher than the national average for all
provinces in North China and Northwest China. However, wheat consumption per capita was the
largest in Henan, approximately 2.89 times higher than the national average, followed by Shandong
(2.37 times higher) and Hebei (1.94 times higher). However, wheat consumption per capita was
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much lower than the national level in Northeast China, South China, East China (except Shandong),
and Central China (except Henan), where rice was the main staple. Therefore, both location and
culture have great influences on cereal consumption in China.Sustainability 2018, 10, x FOR PEER REVIEW  7 of 15 
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3.2. The Domestic Wheat Trade in China

Figure 1 illustrates that both wheat production and wheat consumption presented increasing
trends during the period 2010–2015. During the first 3 years of 2010–2012, wheat production exceeded
wheat consumption in China, but the net wheat surplus decreased. For the last 3 years, the national
wheat consumption was larger than its production, and the deficit of wheat consumption was met
by previous wheat stocks or imports from other countries. In 2013, the deficit of wheat consumption
amounted to 13.96 Mt/a, accounting for 5.6% of the total national wheat consumption. Based on the
CHINAGRO model, we estimated the domestic wheat trade in China for the years 2010 and 2015
(Figure 4). Without wheat stocks and international wheat trade, the annual domestic wheat trade was
approximately 19.60 Mt/a in China during the period 2010–2015, accounting for 16.43% of the total
national wheat production. In addition, total wheat exports and stocks amounted to 4.77 Mt/a in the
first 3 years. However, China annually consumed 8.55 Mt of wheat exported from other countries or
from previous stocks for the last 3 years. We compared domestic wheat trade in 2010 and 2015 for
more details.
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3.2.1. Domestic Wheat Trade in 2010

In 2010, the main net exporters of wheat included Henan, Anhui, Xinjiang, Shandong, Hebei,
and Jiangsu, with the largest wheat export of 9.50 Mt/a in Henan (approximately 31.07% of its wheat
production) (Figure 4A). Meanwhile, Guangdong, Shanghai, Shanxi, Beijing, Liaoning, and Hunan
imported large amounts of wheat from other provinces; in particular, 90% of wheat consumption in
Shanghai and Guangdong came from other provinces. In North China, the domestic wheat trade
mainly occurred in its own region, largely from Hebei to Shanxi, Beijing, and Tianjin. Northwest
China presented as a net export region of wheat (approximately 3.19 Mt/a), mainly flowing into stocks.
The domestic wheat trade in East China was highly complex, including interregional wheat trade and
internal wheat trade. For internal trade, Jiangsu imported wheat from Anhui, while Jiangsu exported
wheat to Zhejiang and Fujian. For interregional trade, the wheat trade was from Shandong to the
North China provinces (such as Beijing and Tianjin) and from Jiangsu to the South China provinces
(such as Guangdong and Hainan). For domestic wheat trade in Central China, wheat was traded from
Henan to both Central China (Hunan and Hubei) and other regions, and the interregional wheat trade
(including domestic wheat stocks) amounted to 4.48 Mt/a. South China was a large wheat importer
from other regions, similar to Northeast China and Southwest China. In 2010, the largest provincial
wheat trade was from Anhui to Jiangsu, with a trade amount of approximately 5.95 Mt/a, followed by
4.66 Mt/a from Jiangsu to Guangdong.

3.2.2. Domestic Wheat Trade in 2015

Compared with 2010, some provinces changed from wheat net exporters to wheat net importers in
2015, including Shandong, Hebei, Sichuan, Gansu, and Ningxia. In 2015, China announced a reduction
in cereal stocks, and thus many factories were established to process wheat in Shandong and Hebei,
which were the main wheat producers and consumers in China. The interregional wheat trade in
2015 was also different from that in 2010. North China consumed more wheat than its local wheat
production in 2015, and thus it imported wheat from Xinjiang and Henan. Central China was still a
main wheat exporter in 2015, but its wheat was mainly traded to Shandong and Hebei. East China
remained nearly unchanged, except Shandong, which changed from a wheat exporter to a wheat
importer. Wheat consumed in South China was traded not only from East China provinces such as
Jiangsu but also from other countries or previous stocks. Wheat consumption from international wheat
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trade and previous wheat stocks was approximately 1.99 Mt/a for Guangdong and 0.77 Mt/a for
Guangxi in 2015, respectively. Southwest China and Northeast China also imported wheat from other
regions. In 2015, Jiangsu also presented as the main freight station of the wheat trade. Anhui sold
approximately 6.75 Mt/a of wheat to Jiangsu, while Jiangsu traded more wheat to other provinces,
such as Guangdong (3.84 Mt/a), Shanghai (2.40 Mt/a), and Zhejiang (1.05 Mt/a).

3.3. Virtual Wheat Cropland Transfer and Its Environmental Consequences

3.3.1. Virtual Wheat Cropland Transfer in 2010

From the production viewpoint, the virtual wheat cropland amounted to 5.70 Mha/a in 2010 due to
the domestic wheat trade (Figure 5). Jiangsu, Anhui, Henan, Hebei, and Shandong were the 5 largest
provinces of wheat cropland exporters, and their total exported virtual wheat cropland amounted to
5.34 Mha/a, approximately 93.68% of the total virtual wheat cropland flow. Different from the wheat
trade, Jiangsu was the largest wheat-cropland exporter, which mainly flowed to Guangdong, Fujian,
and Zhejiang. The virtual wheat cropland exported from Jiangsu was 1.73 Mha/a, accounting for
approximately 30.40% of the total virtual wheat cropland transfer in 2010. Furthermore, the largest wheat
cropland transfer occurred when wheat was traded from Anhui to Jiangsu, amounting to 1.19 Mha/a.
Taking wheat consumption into account, the virtual wheat cropland amounted to 8.48 Mha/a, larger
than that obtained from the production viewpoint. Jiangsu was also the largest wheat cropland exporter
(3.03 Mha/a), while Guangdong was the largest wheat cropland importer, amounting to 1.96 Mha/a.
Wheat trade from Anhui to Jiangsu also led to the largest transfer of virtual wheat cropland of 1.23 Mha/a
in 2010, accounting for 14.50% of the total domestic transfer of virtual wheat cropland in China. Domestic
wheat trade in China saved approximately 3.19 Mha/a of wheat cropland in 2010, accounting for
13.13% of wheat cultivation cropland in China. Wheat trade from Jiangsu to Guangdong saved the largest
virtual wheat cropland of 0.99 Mha/a in 2010; additionally, wheat trade from Henan to Jiangxi, Hubei,
and Hunan also presented large wheat cropland savings. However, some interprovincial wheat trade
resulted in a loss of virtual wheat cropland, totaling 0.067 Mha/a in China, including Hubei–Shanghai,
Heilongjiang–Liaoning, Jilin–Liaoning and Shanghai. The wheat trade from Hubei to Shanghai led to
the largest loss of wheat cropland, at a rate of approximately 0.061 Mha/a.
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3.3.2. Virtual Wheat Cropland Transfer in 2015

The domestic wheat trade was much more complicated in 2015 due to changes of wheat
production and wheat consumption (Figure 6). From the viewpoint of wheat production, the total
virtual wheat cropland was approximately 5.45 Mha/a in 2015 due to the domestic wheat trade, higher
than that in 2010. Jiangsu also presented as the largest importer (1.18 Mha/a) and largest exporter
(1.75 Mha/a). In addition, Anhui, Henan, Inner Mongolia, and Xinjiang were also wheat cropland
exporters. Specifically, Xinjiang exported 0.54 Mha/a of virtual wheat cropland to Shanxi, Inner
Mongolia, Ningxia, Beijing, and Tianjin, accounting for 9.91% of the total virtual wheat cropland.
In addition, 20 provinces imported virtual wheat cropland in 2015. From the wheat consumption
standpoint, the virtual wheat cropland transfer was 6.66 Mha/a in 2015. As the largest exporter,
Jiangsu exported 2.26 Mha/a of virtual wheat cropland to Guangdong, Shanghai, Fujian, and other
provinces; meanwhile, Jiangsu was also the largest virtual cropland importer and imported mainly
from Anhui. In addition, Shanxi was also a large virtual wheat cropland importer and imported
mainly from Xinjiang. Sichuan, Shandong, and Hebei turned from virtual wheat cropland exporters in
2010 to virtual cropland importers in 2015. Furthermore, Hebei imported approximately 0.20 Mha/a
of virtual wheat cropland from Henan. The domestic wheat trade in China saved a total virtual wheat
cropland of 1.52 Mha in 2015, which was lower than in 2010, and accounted for 6.35% of the total
wheat cropland in China. Wheat trade from Henan to Jiangxi saved the largest wheat cropland of
0.37 Mha/a, while the largest virtual wheat cropland loss occurred when approximately 0.29 Mha/a
of wheat was traded from Inner Mongolia to Beijing.
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3.3.3. The Consequence of Domestic Wheat Trade in China

During the period 2010–2015, the domestic wheat trade in China led to great wheat cropland
savings, totaling 15.71 Mha (approximately 2.62 Mha/a) (see Table 1). The wheat cropland savings
reached 4.56 Mha/a in 2012 and was greater than 3.0 Mha/a in 2010 and in 2011. However, wheat
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cropland savings due to domestic wheat trade were much lower during the period 2013–2015
(1.3–1.6 Mha/a). This trend occurred because provinces with high wheat yields, such as Hebei and
Shandong, turned from net wheat exporters to net importers and imported a great deal of wheat
from provinces with relatively low yields of wheat in 2015. However, the domestic wheat trade in
China can effectively save Chinese wheat croplands. In addition, wheat cropland is very limited in
Beijing, Tianjin, and Shanghai, where wheat consumption should be imported from other provinces in
China. Meanwhile, for some provinces (such as Hainan) for which the local natural conditions are not
very suitable for wheat cultivation, they also should import wheat from other provinces. Therefore,
domestic wheat trade is beneficial to resource utilization and societal development in China.

Table 1. The wheat cropland savings due to domestic wheat trade in China (unit: Mha/a).

Year 2010 2011 2012 2013 2014 2015 Average

Wheat cropland saving 3.19 3.59 4.56 1.28 1.57 1.52 2.62

4. Discussion

4.1. Virtual Land Change and National Policy

Domestic wheat trade has changed in some provinces, such as Shandong, Hebei, and Sichuan.
These provinces were main wheat producers and exporters in the past but became net wheat importers
in 2015. However, these changes were caused by different reasons. For Sichuan, the net income
for planting wheat was −6100 Yuan/(ha·a), and thus local farmers preferred to work outside and
abandoned their wheat croplands. Therefore, the area of wheat cropland has declined from 1.22 Mha/a
in 2010 to 1.17 Mha/a in 2015, which only accounted for 4.1% of the total wheat cropland in Sichuan.
Meanwhile, the total population in Sichuan increased from 80.45 million to 82.04 million, and wheat
consumption also increased from 4.02 Mt to 4.26 Mt. Although wheat demands increased in Sichuan,
the negative wheat cropland income led to cropland abandonment. Therefore, Sichuan turned from
a net exporter in 2010 to a net importer in 2015. However, Shandong and Hebei presented different
situations. Taking Shandong, for example, during the period between 2010 and 2015, wheat cropland
increased from 3.55 Mha to 3.74 Mha, and wheat production also increased from 20.47 Mt/a to
22.64 Mt/a. Meanwhile, wheat consumption increased more significantly and amounted to 23.71 Mt/a
in 2015, larger than its wheat production. Wheat production and wheat consumption in Shandong were
highly influenced by national polices. The Chinese government has announced the minimum purchase
price since 2004 in order to protect cereal production. However, this policy led to a large amount of
cereal stocks in China due to a higher cereal price in China than in other countries. Cereal processing
has been encouraged to reduce cereal stocks since 2014. Shandong is a large producer and consumer of
wheat, and many large wheat processing factories are located in Shandong. After the announcement
of these policies, more wheat processing plants were established there. Thus, wheat consumption
increased by 6.01 Mt/a from 2010 to 2015, including 3.20 Mt/a from wheat flour production and
2.79 Mt/a from other wheat consumption. These changes turned Shandong to a net wheat importer,
which also influences national virtual wheat cropland transfer. Therefore, national policies cannot only
directly influence wheat production and consumption but also affect the associated environmental
consequences. Thus, more attention should be paid to future policies.

4.2. Virtual Cropland Transfer and Economic Development

Land use change occurs with economic development [33]. Land prices have been increasing
with economic development, and local inhabitants have had to turn to jobs with higher incomes,
such as manufacturing. Therefore, cropland may be used for industry. Meanwhile, food consumption
may also increase with economic development [34]. However, local food production cannot meet
food consumption in these regions, and food must be imported from other regions, leading to virtual
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cropland transfer. Therefore, it is necessary to determine how virtual cropland transfer is associated
with economic development. In China, virtual wheat cropland also presented a similar trend with
economic development (Figure 7). With economic development, provinces such as Xinjiang, Henan,
and Anhui turned from net virtual wheat cropland exporters to net virtual wheat cropland importers,
similar to Beijing, Tianjin, and Shanghai. More specifically, when GDP per capita amounted to more
than 50,000 Yuan/a, most provinces presented as net virtual wheat cropland importers, except the main
wheat producers such as Jiangsu and Shandong. Although Jiangsu still presented as a net virtual wheat
cropland exporter, its export amount showed a decreasing trend with economic development. When
GDP per capita was lower than 50,000 Yuan/a, most provinces with wheat production presented as net
virtual wheat cropland exporters, but the net import decreased with economic development. The net
virtual wheat cropland per capita in Ningxia changed significantly with economic development, from a
net exporter to a net importer. Therefore, the net virtual cropland per capita has been greatly influenced
by local economic development. Future research should be conducted on how to balance economic
development and food production.
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4.3. Comparison with Previous Studies

Many studies have already focused on virtual resource transfer for different cereals based on
different methods. Yan et al. [16] studied the consequences of the maize trade from the North to the
South in China, and they noted that it amounted to 40 Mt/a, leading to a virtual maize cropland
of 5.9–9.5 Mha/a. Like Yan et al. [16], Li et al. [29] also focused on the trend of cereal trade from
the North to the South in China, and they noted that this domestic cereal trade led to a net virtual
cropland transfer of 9.95 Mha/a in 2008. Based on the input-output method, Zhang & Li et al. [35]
estimated domestic trade and their embodied natural resource flows, noting that GDP had larger
influences than did distance. Ben et al. (24) estimated virtual cereal cropland flows and noted the
consequences of this trade. In our research, we also focused on domestic cereal trade as well as its
associated resource flows in China. However, previous studies mostly focused on all cereals, including
maize, wheat, rice, and other cereals, and they did not pay sufficient attention to wheat trade flow.
Our study focused on wheat trade and its associated virtual cropland flows, which can lead to a
better understanding of how domestic trade influences national resource consumption. Different
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from maize or other cereals, the domestic wheat trade was mainly from areas in Central China or
East China, such as Henan and Anhui, to areas in South China, such as Guangdong and Jiangxi,
because Henan and Anhui were main wheat producers in China. In addition, using the same method,
Ben et al. [24] noted that the total domestic cereal trade led to cropland loss in China, but our study
found that domestic wheat trade resulted in net cropland savings. Therefore, it is more important to
focus on specific cereal trade than the total cereal trade, the former of which can provide more detailed
information for virtual cropland flows. Although our study has presented some new information,
it still has some constraints. In particular, our study did not consider the influences of GDP on domestic
trade. Therefore, more factors should be considered in future studies to better estimate domestic trade.

As estimated above, national policy in China can strongly influence wheat production,
wheat consumption, and wheat domestic trade. Taking this country into account, suitable wheat
trade can effectively save wheat cropland, and thus future national agricultural policy should take
its associated influences into accounts. Our following studies will combine our model and the
input-output model and will also compare their differences. Besides, our future virtual land studies
will take cropland quality and environmental pollution into account, in order to better understand the
environmental consequences due to domestic and international food trade.

5. Conclusions

Based on the CHINAGRO model and previous studies, we estimated domestic wheat trade and
its associated virtual cropland in China. Although we only focused on the transportation costs and did
not consider the level of economic development, the estimation still presented some important and
interesting information here. The Chinese domestic wheat trade is very complex, and different regions
presented different patterns. The Huang-Huai-Hai Plain and its surrounding areas are main wheat
producers and consumers. However, Henan and Anhui provinces were the top two exporters of wheat
and its virtual cropland, while Guangdong, Shanghai, and Hainan were main importers of wheat and
its virtual cropland. Without wheat stocks and international wheat trade, the annual domestic wheat
trade was approximately 19.60 Mt/a in China during the period 2010–2015, accounting for 16.43% of the
total national wheat production. Additionally, China presented a net wheat surplus during the previous
3 years, but it annually consumed 8.55 Mt/a of wheat imported from other countries or previous
stocks for the last 3 years. Considering the import and export of wheat, the domestic wheat trade in
China resulted in cropland savings during the period 2010–2015. However, some domestic trades led
to virtual wheat cropland loss, such as the wheat trade from Hubei to Shanghai. Some provinces such
as Shandong, Hebei, and Sichuan turned from wheat net exporters in 2010 to wheat net importers
in 2015, resulting in a decrease in virtual cropland saving. National agricultural policies and regional
economic development can influence the domestic wheat trade and its associated virtual cropland
flows. Therefore, further research should be conducted on how to balance economic development and
food production in the future.
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