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Abstract: Global agricultural trade plays an essential role in balancing supply and demand regarding
agricultural products worldwide. Based on complex network theory, two types of agricultural trade
networks weighted by the physical quantity and monetary value were built. In both networks, eight
groups of agricultural products showed diverse variation in time and space. During 1986 to 2016,
the total physical trade increased by 2.55 times with a gradual growth process, and total monetary
value increased 1.98 times with fluctuation. The cumulative distribution of node degree and strength
followed power-law distribution. Scale expansion and structure complexity of both networks reflected
heterogeneity between nodes and the trend of agricultural economic globalization. Meeting demand
and seeking greater returns are the main drivers of global agricultural trade development. Mainly
developed countries occupied the important positions in the global agricultural trade network, but
some emerging economies such as China, Brazil, and India became important sources of demand and
supply. China not only needs to fully use international resources to meet demand for agricultural
products, but also needs to ensure its own food security through multiple countermeasures.
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1. Introduction

Trade liberalization has greatly accelerated the volume of traded agricultural products in recent
decades [1] and transformed the geography of food systems [2]. Global food trade has increased
exponentially since the 1960s and at a greater rate than food production itself [3]. This plays an increasingly
important role in global food security, with about 23% of the food produced for human consumption
traded internationally [4]. The essential resources required for agricultural production are largely immobile
(e.g., water and land), but agricultural products can flow around the world [5]. Agricultural product
imports are nearly universally used to overcome local limits to growth [6]. Thus, agricultural trade
has become a means by which land and water factors are reconfigured between regions and alters the
distribution of agricultural resources throughout the world [7,8]. Each country can exert respective
comparative advantages and improve land and water resource use efficiency and help optimize resource
use at the global level [9,10]. International agricultural trade not only strengthens economic ties between
countries but has also become an important part of building a community of shared future.

With the advance of economic globalization, the international agricultural trade network has
become increasingly complex due to changes in demand–supply structure of agricultural products,
trade liberalization policies, and diet changes across the world [11]. This network grows continuously,
extending its reach all over the world and linking numerous producers and consumers. Complex
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network theory has been applied to reveal essential features of the structure, function, and dynamics
of many complex systems [12,13]. The agricultural trade network exhibits well-defined network
characteristics [14], and complex network analysis helps us better understand essential features of this
typical complex network [15]. There has been much research concerning the agricultural trade network
in the last decade, for example, the global virtual water trade network [9,16], the property of the global
food trade network [17], and the impact of the agricultural trade network on food security [18]. These
studies have addressed some related scientific questions, but features, mechanisms, and trends of
network evolution require further discussion. In addition, few studies have focused on the performance
of specific trade members and the relationships between them and the trade network.

The aim of this study was to construct a global agricultural trade network weighted by trade quantity
and monetary value, compare the differences of the two kinds of network, and reveal the key network
properties. The study analyzed the temporal and spatial variation of the flow of eight categories of agricultural
products and investigated the mechanism and trends of the network evolution. By tracing the performance
of China in the global agricultural trade network, we propose some policy implications about improving the
utilization efficiency of agricultural resources and ensuring supply safety of agricultural products.

The Chinese Context

China is the country with the largest number of food consumers and has only about 0.087 ha
of arable land and 2068 m3 of freshwater per capita [19], representing only 45% and 25% of world
average levels, respectively. Cropland and freshwater scarcity severely constrain its agricultural
production [20,21]. China’s geographic mismatch between its arable land and water availability has
exacerbated this restraint [22]. China needs to assure food for 23% of the world’s population with
7% of the world’s cropland—both a great achievement and a serious challenge. On the one hand,
China has maintained agricultural self-sufficiency in grains in most years, even though agriculture
needs to compete for scarce land resources with urbanization and industrialization [23], and has
lifted 700 million people out of poverty. On the other hand, with economic development, population
growth, and diet changes, the challenges China is facing in balancing food supply and demand
have increased significantly [24,25]. Diet structures have changed dramatically from plant-based to
oil and livestock foods in the last 30 years, and so more agricultural resources have been required.
Extensive use of chemical fertilizers, pesticides, and plastic films has increased soil and water pollution.
Therefore, international trade has become an inevitable pathway for China to meet domestic demand
for agricultural products and relieve pressure on land and water resources [26].

However, the role of China in global agricultural trade is both sensitive and complex. After joining
the WTO in 2001, China has played a greater role in world agricultural trade [27] and has become a major
importer of agricultural products. China is now the largest importer of soybeans, the second largest
importer of cotton, and the third largest importer of pork in the world. Because of high agricultural
production costs, China’s major farm products lack competitiveness in international markets. Importation
of a large number of agricultural products helps in reducing the intensity of agricultural resource utilization
and facilitating improvement of agricultural efficiency but has some negative effects as well. The debate of
“Who will feed China?” is compelling and ongoing [23,28]. As a populous country, excessive reliance on
international markets to ensure domestic supply of agricultural products has a huge risk. In the event of a
global supply shortage, not only will there be few of the products available for import, but their price will
also rise. Consequently, the Chinese Government has set a policy goal of basic self-sufficiency in grain.

The main problem of agricultural supply has changed from insufficient total amount to structural
contradictions in China—some supplies have not adapted well to changes in demand, with soybean in
short supply but corn in oversupply. The prices of most agricultural products are lower in international
than domestic markets, and so importation of agricultural products is profitable, which is another
reason that China has purchased large amounts of agricultural products from abroad. In the long term,
China still faces the dilemma of supplying enough agricultural products and sustainable utilization of
agricultural resources. Using global agricultural trade to balance supply and demand in agricultural



Sustainability 2020, 12, 192 3 of 16

products, produce more grain with lower environmental costs to ensure food security, and improve
domestic agricultural benefits are long-term tasks for China [26]. Analysis of the evolution of the global
agricultural trade network is constructive for achieving these strategic goals.

2. Materials and Methods

2.1. Two Types of Agricultural Trade Networks

Complex networks reveal essential features of the structure, function, and dynamics of many
complex systems [12,29]. According to the complex network theory, the global agricultural trade
network is a weighted and directed network [13]. In this network, each country participating in trade
is represented by a node. The links between nodes represent the flows of products traded from export
to import country, thus, each link between a pair of nodes is directed by direction of trade. A complex
network is mainly measured by the node degree k and the node strength s. In this study, k is the
number of trading partners of each country (exporter or importer) and s is the sum of the weights
assigned to each node’s links. Here, we endow the weights for the network with physical volume and
monetary value of a specific agricultural product exported and imported by each country, respectively.
Thus, we constructed a global agricultural trade network for each year of 1986–2016.

As an economic activity, the aim of agricultural trade is to pursue profit maximization, and so the
different attributes of agricultural products influence benefits to trading enterprises. There are multiple
attributes between various agricultural products. In view of physical properties, products of the same
weight have different sizes and moisture contents, which impact modes and cost of transportation. Some
products can be stored for long periods and transported for long distances, such as cereal and fiber products.
Other products have high water content and easily rot and deteriorate, and so need to be refrigerated to
maintain freshness during transportation, such as meat, fruit, and vegetables. Concerning value attributes,
products of the same weight have different volumes of value. Per unit weight of meat and fruit have
high value but grains and rhizomes have lower value. There are both similarities and differences between
physical and value measurements; therefore, it is necessary to research two types of weighted networks.

2.2. Distribution of Node Degree and Strength

The distributions of k and s can explore the heterogeneity between different nodes. For an
agricultural trade network with n nodes, if nk represents the node number with degree k in the network,
the degree distribution P(k) is defined as P(k) = nk/n. P(k ≥ k0) represents the cumulative degree
distribution as follows:

P(k ≥ k0) =

kmax∑
k=k0

p(k) (1)

where P(k ≥ k0) represents the cumulative degree distribution such that the fraction of nodes with
degrees is greater than or equal to k0, and kmax is the maximum node degree in the trade network.

Similarly, the cumulative strength distribution P(s ≥ s0) is:

P(s ≥ s0) =

smax∑
s=s0

p(s) (2)

where P(s ≥ s0) represents the cumulative node strength distribution such that the fraction of nodes
with strength is greater than or equal to s0, and smax is the max strength of node in the trade network.

If the distribution of the node degree and strength is consistent with the power–law relationship,
it is taken as a sign that the network is a scale-free network [30]. In general, there are numerous nodes
with low strength and few nodes with high strength in a trade network [30,31].

P(k) ∼ k−βP(s) ∼ s−γ (3)
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where β and γ are the power–law index, and k and s are the degree and strength of the corresponding
node, respectively.

2.3. Density and Clustering Coefficients of the Agricultural Trade Network

Density of the trade network D is used to reflect the overall tightness among the trading countries
in the network, and can be calculated as follows:

D =
m

n(n− 1)
(4)

where the value of D is in the range 0–1, with D = 1 when all nodes are connected and D = 0 when
all nodes are isolated; larger D values show closer relationships of the trade network. The m and n
represent the number of actual links and total node number in the trade network, respectively.

The clustering coefficient Ci is the measure of how close the neighborhood of a node is. A country
or region has multiple trading partners and there are also trade relations among the trading partners,
so this forms some different trade groups. Ci is defined as follows:

Ci =
ei

ki(ki − 1)
(5)

where Ci denotes the clustering coefficient of node i, its range is also 0–1, with larger C meaning that
neighbor nodes connect with one another well; Ci is the average of all individual clustering coefficients;
ki denotes the degree of node i; and ei denotes the actual number of links between ki neighbors.

Average path length is used to represent the average number of steps along the shortest paths for
all possible pairs of nodes in the trade network [30]. Average path length is defined as follows:

L =
1

n(n− 1)

n∑
i=1

di j(i , j) (6)

where dij is the shortest path between two nodes, it is the minimum number of edges of all paths from
node i to j, and n is the number of nodes in the trade network.

2.4. Data

We considered 69 kinds of agricultural products and divided them into eight groups: cereals, oil
crops, fruits, vegetables, sugars, fibers, roots and tubers, and livestock products. The international
trade data of these products were taken from the FAOSTAT database [32], including the annual trade
matrix from 1986 to 2016.

3. Results

3.1. Overall Characteristics of Agricultural Trade Networks Weighted by Physical and Value Volumes

Both the total number of nodes and links in the global agricultural network increased dramatically
during 1986–2016. The number of trade nodes grew from 178 to 203, the number of links increased by
2.5 times, from 32,800 to 114,000, and average links of each node increased from 48 to 99. The number of
importing countries is more than that of export countries, since agriculture production is only possible
in certain places and not all regions have the advantage to export certain agricultural products.

Changes in the general export strength of agricultural products during 1986–2016 showed that, in
terms of physical volume (Figure 1a), the total export of agricultural products increased gradually by
2.55 times during 1986–2016, from 311 million to 794 million tonnes, indicating the expanding of the
global trade scale (Figure 1a). In terms of value volume, total export also increased but with fluctuation
(Figure 1b). It grew especially rapidly after 2005, with the maximal value of $337 billion in 2014. This
illustrates that an increase in export volume of agricultural products did not indicate an increase in
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monetary value. The main reason for this was the great variation in prices of agricultural products in
different years. Over the past century, gross food prices have generally fallen, and were especially
affected in 1997 by the financial crisis in Asia—the value of international agricultural products traded
during 1998–2002 declined to its lowest interval in 30 years, in marked contrast to the steady increase in
physical volume (Figure 1a). In mid-2008, there was a rapid rise in food prices induced by the droughts
in Russia, Ukraine, and the US in 2007, the increase demand for agrofuels, and other reasons [4,33,34],
resulting in rapid growth of gross trade value (Figure 1b).Sustainability 2020, 12, x FOR PEER REVIEW 6 of 18 
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Figure 1. Change process of agricultural trade: (a) physical volume; (b) value volumes.

Table 1 presents the fitting function of the cumulative degree and strength distribution of two types
of trade networks. From Table 1, the R2 in most years were above 0.6, and the estimated parameters
were all significant at 1% level, indicating the obvious power–law distributions of the cumulative
degree and strength distributions.

Table 1. The fitting function of the cumulative degree and strength of physical and strength of the network.

Year
Node Degree in Two Networks Node Strength in Physical Network Node Strength in Value Network

−β R2 −γ R2 −γ R2

1986 −0.430 0.860 *** −0.151 0.770 *** 0.167 0.771 ***
1990 0.443 0.900 *** −0.142 0.748 *** 0.173 0.790 ***
1995 −0.432 0.872 *** −0.158 0.757 *** 0.182 0.787 ***
2000 −0.373 0.803 *** −0.143 0.718 *** 0.149 0.696 ***
2005 −0.387 0.817 *** −0.139 0.709 *** 0.165 0.750 ***
2010 −0.300 0.674 *** −0.140 0.723 *** 0.168 0.767 ***
2016 −0.351 0.828 *** −0.142 0.735 *** 0.162 0.761 ***

*** Denotes significant at 1% level.

Figure 2 shows the cumulative distribution of node degree and node strength probability during
1986–2016; both cumulative node degree (links) and node strength followed power–law distribution,
with the cumulative distribution of node strength showing larger curvature. There were many nodes
with relatively small degree and strength and only a few nodes with larger degree and strength in
the agricultural network, which indicated that both the number of trade partners and trade volume
of each nation in the global agricultural trade network were highly heterogeneous. Weighting of the
network increased its heterogeneity.

The average node degree and strength (s) increased year by year (Figure 2). The degree of each
node increased from 48 to 99, while the physical volume increased during 1986 to 2016 from 3.3 million
to 7.6 million tonnes, and value volume increased from $1.7 billion to $3.4 billion. Most nodes expanded
their trade partners and volume for 30 years in both networks. In addition, the number of hub nodes
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also rose and their strengths were further enlarged. The strength change was less in the value than in
the physical network but had more hub nodes and faster growth (Figure 2b,c). The main reasons were
that bulk farm products of low value, such as cereals, accounted for a larger share of gross trade in the
physical network but high-value products dominated the value network.
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The network densities of eight groups of agricultural products were calculated using Equation (4),
which showed the network density (D) values of seven groups (apart from fiber) rising, and especially
quickly after 1998 (Figure 3a). This indicates closer relationships developing between economies
participating in global trade. Meanwhile, differences in D values among the eight groups widened
during 1986–2016. By 2016, cereals and fruits had the highest network density, and roots and tubers and
fibers had the lowest density, which presented three levels of D values. However, in 2016, all the eight
groups had D < 0.16, implying that network densities still have enormous potential for broadening.

The clustering coefficient (C) also showed an increasing trend in eight groups of agricultural
products, with those for oil crops, sugar, and roots and tubers growing faster than other groups
(Figure 3b). Thus, trade relationships in these three groups became tighter between neighbor nodes.

Differing from D and C, the average path length (L) generally declined during 1986–2016, with
the exception of fiber (Figure 3c). This is because, with the process of economic globalization, the
links between the nodes increased and trade activity between neighboring countries in space achieved
faster growth. However, trade in fiber was more concentrated in a few countries, and showed a
different trend.
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Figure 3. Change trend of density (a), clustering coefficient (b), and average path length (c) of the
agricultural trade network.

3.2. Variation Trend of Eight Groups of Agricultural Products

There were significant differences among the proportions of total agricultural trade for physical
and value volumes in the eight groups of products. To further distinguish the differences between them,
we used agricultural trade data in 1986 and 2016 as examples and calculated the percentages of physical
and value of each group of products relative to the total agricultural trade and the values of unit weight,
respectively (Figure 4). The unit prices of cereals, root and tubers, fruits, and vegetables changed little
during 1986–2016, but those of oil crops, fiber, sugar, and livestock meat showed significant decreasing
trends. Unit prices declined, likely due to increasing demand and the decrease in production costs.
For instance, the share of oil crops in total agricultural trade increased from 13.6% to 34.2% during
1986–2016, but average price per ton dropped from $471 to $365.

As the main source of nutrition for human beings, cereals are essential for the food security of
all countries, but some nations are unable to feed themselves because of multiple factors and have to
depend on international trade to meet food demand [4]. Trade of cereal products dominated global
agricultural trade: its physical volume increased during 1986–2016 from 203 million to 415 million
tonnes, and monetary value increased from $53 billion to $84 billion. However, corresponding shares
declined from 65.2% to 52.3% and from 34.4% to 25.8%, respectively. The great difference of proportions
in the two trade networks was mainly due to low prices per unit weight. Their lower water capacity
means that cereals can be easily stored for long periods and transported long distances; thus, trade cost
of cereals was lower than that of others, and their quantities were the greatest in all categories.

Oil crops were the second largest agricultural product in global trade: physical trade volume
increased during 1986–2016, from 37 million to 167 million tonnes, and trade value increased from
$18 billion to $61 billion; and corresponding shares in total trade increased from 12.1% to 21.0% and
11.6% to 18.7%, respectively. The physical trade volume of sugar rose significantly from 27 million
to 67 million tonnes during the study period, but with little change in share. The trade attributes of
oil crops and sugar (mainly processed products) were similar to those of cereals, but prices per unit
weight were higher than for cereals, and their shares in physical and value networks were similar.

The physical trade volume of fruits, vegetables, and livestock meat changed little during 1986
to 2016, but the value volume of fruits and vegetables increased. Differing from cereals, the fruit,
vegetables, and livestock meat have higher water capacity, and do not favor long-term storage, with
freshness the primary guarantee of quality. Additional measures, such as freezing, refrigerating, and
keeping fresh, are needed during transportation. Therefore, their trade costs are far higher than that of
other groups. However, these products can improve people’s quality of life, and have higher values per
unit weight. Consequently, the shares of fruits, vegetables, and livestock meat were only 3%, 8.6%, and
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4% of total trade in the physical network in 2016, respectively, but corresponding shares of total trade
in the value network were 15%, 18%, and 10%. Thus, there were significant differences in proportions
between the two trade networks.
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(c,f) in 1986 and 2016.

Roots, tubers, and fibers had only small trade volumes. Roots and tubers are low-value goods,
with their share in the physical network being slightly less than in the value network. Fibers have a
higher unit price, and their share was lower in the physical compared with the value network—their
shares in both networks declined by more than half during 1986–2016.

The above analysis shows that different types of agricultural products may meet different market
demands, adapt to different modes of transportation, and have different trade costs and benefits. In
general, market demand and cost/benefit of trading enterprises are two important aspects influencing
international agricultural trade.

3.3. Position of Major Economies in the Two Trade Networks

When all nations were sorted according to annual node strength, a hierarchical structure resembling
a pyramid appeared from many small nodes to few large nodes (Figure 5). The position of each nation
in the annual hierarchy shows its real trade ability, and the change in position of a nation between years
shows the ability to change. Only a few nodes had high strength, but they played hub roles in the whole
trade network. The US was always at the top of pyramids in both trade networks during 1986–2016,
with several developed nations such as France, Germany, and Japan following. An interesting change
is the emerging developing countries of China and Brazil rapidly moving toward the top of pyramids
and becoming hub nodes second to the US in 2016.

Nations often had different positions in the same year in the two types of networks. Some
economically advanced countries in Europe—such as the Netherlands, UK, and Italy—mainly import
and export fruits, vegetables, and animal products of high value. They were at lower positions in the
physical network, yet higher in the value network. For some countries in Africa and South Asia, such
as Thailand and Indonesia, economic development is relatively slow or land and water resources are
relatively scarce; therefore, they had higher positions in the physical than the value network. Other
countries, like Canada and Argentina, were located in the second level of the physical network and the
third of the value network, because they mainly export land-intensive and lower-value products. In
general, with deepening economic globalization, the strength of most nodes in the agricultural trade
network increased, but the hierarchical structure of the trade network was more complex.
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Exporting was more concentrated than importing, and so we chose exporting countries that
accounted for 70% of the total trade and importing countries that accounted for more than 80% of
the total trade as target objects and directly expressed the trade relationships between these major
economies (Figure 6a,b). The thickness of link lines in Figure 6a,b denotes the trade size between two
countries. In 1986, the main trade products were cereals, soybeans, and sugar. The strongest link
was US–Japan in the physical network, followed by Canada–USSR (former Union of Soviet Socialist
Republics), France–USSR, France–Italy, and US–South Korea. In the value trade network, the strongest
link was Cuba–USSR, followed by US–Japan, and France–Italy. Bulky trade occurred among developed
countries as well as the USSR (Figure 6a).

By 2016, the geographical pattern of agricultural trade showed significant change—the top node
countries in global trade had changed (Figure 6b). In the top 14 exporting countries, the UK, New
Zealand, Belgium, Spain, Italy, and the Netherlands were replaced by Brazil, Russia, Ukraine, Germany,
Romania, and Mexico in the physical network. Most links became stronger, indicating that related trade
volume grew, and major links showed considerable variation. US–China and Brazil–China became
the strongest links in both networks, followed by US–Mexico, US–Japan, Mexico–US, Brazil–Iran
and Argentina–China. Thus, the top export hub was the US and the top import hub was China. Of
course, there were differences in order between the two networks. In 2016, products of bulky trade
were soybeans, maize, wheat, rice, barley, apple, onion, garlic, cotton, beef, and pork. Developed
countries generally imported high-value agricultural products and developing countries imported
large amounts of cereals. Most agricultural trade was concentrated in some developed countries and
emerging developing countries. Especially, some big emerging countries with China, Brazil, and India
represented important demand or supply sides, and showed substantially raised positions in global
agricultural trade networks, which changed the associated geographical patterns.

At the intercontinental level, Asia and Europe imported most of the agricultural products,
accounting for 80.3% and 82.8% of total trade volume in the physical and value networks in 1986, and
correspondingly 78.3% and 82.4% in 2016. The major exporters were North America, South America,
Europe, and Oceania. However, main flow directions of agricultural products showed huge changes
during 1986–2016. North America to Asia (Japan was a major importer) and internal trade among
European countries were the major relationships in 1986, representing 43.2% and 49.3% of the total
trade in the physical and value networks, respectively, followed by North America to Europe and
Oceania to Asia. By 2016, exports from South America to Asia were of similar strength as those of
North America to Asia (China was a major importer), but exports from North America to Europe
significantly declined from 12.7% to 1.7%. Europe increased exports to Asia and Africa, representing
increases in total Europe exports from 21.2% to 39.9%. In general, trade links among countries within
Europe tended to be higher-value products than others.
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3.4. China’s Position in Global Agricultural Trade Networks

As a large agricultural country, China’s position in global agricultural trade networks was trivial
in 1986. At that time, China’s rural reform had achieved its preliminary effect, and the situation of food
shortages had been overcome. Due to a low agricultural production level, China had little surplus of



Sustainability 2020, 12, 192 12 of 16

agricultural products available for export and lacked the financial ability to import more agricultural
products. The import and export volumes were 8.8 million and 11.7 million tonnes in the physical
network, respectively, with global ranking of eighth; volumes were $2.5 billion and $4.9 billion in the
value network, respectively, with global ranking of 13th. There were 103 countries that had trade
relations with China.

During 1986–2016, especially after joining the WTO in 2001, China rapidly moved toward the
top of trade pyramids and became the largest importer in the world, conducting business activities
with 160 countries. During 1986–2000, China’s node degree increased from 597 to 2278, node strength
increased from 20.32 million to 127.64 million tonnes in the physical network, and from $3.4 billion
to $60.7 billion in the value network. China played an important role in the process that reshaped
the pattern of global agricultural trade. In 2016, China’s import volume far exceeded export volume
in agricultural trade; China mainly imported soybean and wheat from the US, Brazil, Canada, and
Argentina; milk products from Australia and New Zealand; cotton from India; sugar from Brazil and
Cuba; beef from the US and Australia; and pork from Europe and the US. China’s export products
were mainly fruit, vegetables, and minor coarse cereals: apples to South Asian countries; and fresh
onion, tomato, garlic, and pepper and their processed products to Japan, Korea, and Central Asia.

4. Discussion

Complex network theory is an efficient way to analyze the structure of trade networks and their
evolutionary process. It can reveal change characteristics and trends of agricultural trade networks
through fitting power–law distributions to node strength, reflecting well the drivers of agricultural
trade and structure evolution, and visually displaying the trading relationships between countries or
geographical regions [9].

The results of our study display trade patterns of different economic groups in physical and
value trade networks. In general, developed countries usually exchanged the high-value agricultural
products with others, while developing countries were concentrating more on trading low-value but
large quantities of products for food security or improving people’s lives. In addition, agricultural trade
was a means of transferring water and land resources between different regions; some countries with
affluent arable land tend to export land-intensive agricultural products such as cereals and oil crops,
such as the US, Brazil, Argentina, Canada, and Australia. Previous study has shown that Argentina,
Canada, and Australia dedicated 70%–85% of their domestic harvest areas for export, and the US
was 35% [2]. Countries that stressed in land deficit were the major importers in the trade network,
such as China, Japan, and South Korea. Some countries were mainly focused on exporting high-value
products, such as the EU, which contributed the most to the monetary value network, specializing in
exporting more high-value products. In addition, though China was the largest importer of the oil
crops, it also exports large amounts of relatively high-value products such as vegetables and fruits.

The network and bilateral trade relationships of physical and value volumes show different
features. The network analysis can help to optimize global food security and explore hypothetical
scenarios to maximize the economic value through agricultural trade on both a global and regional
scale. The network weighted by physical volume mainly reflects the demand situation of the purposes
of agricultural products, while the network weighted by monetary value more reflects the revenue of
agricultural trade from the structural change and price fluctuation of agricultural products. Studying
the two types of trade networks may provide decision support for choice of trade partners and
adjustment of trade policy. In addition, agricultural trade is ultimately an economic exchange [7], and
measuring the value of traded products helps provide a deeper understanding of the evolution of
agricultural trade networks.

Because increasing numbers of countries are relying on global trade for the supply of agricultural
products, the openness of policies is likewise of growing importance. Variation in the two trade
networks reflected the rapid globalization in the agricultural economy during 1986–2016. Nations
gained comparative advantages by exporting the commodities that intensively use their relatively
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abundant resources and importing products for which they have less advantage [9]. Moreover,
agricultural trade is influenced by many factors, especially, the relative trade agreements between
specific countries can lead to the intensification of the trade in these countries, such as the densely
internal trade relationships among EU countries. Policy changes and economic development are also
important drivers of some countries that are changing the global agricultural trade structure [9]. The
dramatic rise of the oilseeds and livestock feeds trade in recent years was mainly caused by increasing
income in some developing countries. Subsidy policy was also one of the main causes that stimulate
some crops to become export-oriented; for instance, 40% of maize harvested was exported to the US as
the maize was subsidized [2].

More and more nations increasingly rely on foreign resources for their agricultural product supply.
This indicates that agricultural resources are reallocated in more broadly spatial scales with economic
globalization, the interconnectedness of agricultural trade is growing, and the relationships between
countries participating in the trade network are becoming tighter. This conclusion of our research
is in accordance with [2,9,14]. International agricultural trade means that relevant water and land
resources flow between countries, which has had profound influences on society and the environment,
for example: diet structure change [35], land use transition [36,37] and water use reduction in net
importers for agricultural products [9]. In fact, the high benefit from global trade is at the expense of
the environment and climate [36]. Therefore, it is essential to respond actively to a set of environmental
problems for the sustainable development of agriculture.

The globalization of agricultural has become increasingly important to national food security;
policy-makers need to move towards a network- and interaction-oriented view from a regional
view. A well-functioning international trade network can also support the adaptation to climate
change-related challenges worldwide [38]. However, the strong interconnection existing within the
trade network causes the effect of episodic regional declines in crop production to be felt globally [39].
Meanwhile, concentrated trade relationships could raise importer susceptibility to price spikes if crop
production is disrupted or if governments impose export restrictions [40], and any shock affecting
the central nodes would propagate easily to the rest of the network [18]. From this point of view, the
agricultural network is moving towards a ‘robust-yet-fragile’ configuration [41]. Thus, further studies
also need to focus on the relative path to improve the stability of the international agricultural trade
network, such as the management of connectivity in the system and gradual changes and feedback
impacting the system [41].

China’s position in global agricultural trade networks has changed from the exporter to the largest
importer in the world. Based on China’s basic national conditions of a large population, insufficient
land, and water shortage, using the international market to meet domestic demand for agricultural
products is inevitable [6]. Thus, China needs to diversify its trade partners to ensure food supply
security. As income grows, China’s people will increase their consumption of animal products [9].
China also needs to use the favorable opportunity of agricultural products in the international market
to reduce the use intensity of domestic soil and water resources by importing and improving people’s
living standard [22]. However, as the largest importers of global agricultural trade, China’s domestic
agricultural supply has significant implications for both China’s own national food security and that of
the world [42]. From this point of view, China also needs to take the relative measures to improve its
agricultural production efficiency, such as adjusting agricultural structure to reach a higher farmland
use efficiency [1].

5. Conclusions

Based on complex network theory and, using global agricultural trade data for 1986–2016
concerning eight groups of agricultural products, this study built two types of trade networks:
a physical network weighted by product weights and a value network weighted by monetary values
of products. The main conclusions follow:
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During 1986–2016, the total number of trade nodes increased from 178 to 203, the total physical
trade of global agricultural products increased by 2.55 times and the growth process was stable. Therein,
oil crops had the largest growth, with an increase of 4.57 times. The total value of trade increased by
1.98 times, showing a fluctuating growth trend. Therein, fruits had the largest contribution, with an
increase of 3.75 times. This indicates that the change trend of the two networks was the same, but their
evolutionary processes differed.

The cumulative distribution of trade node strength followed a power–law relationship. Over time,
node strengths of most countries increased, with the extension index of the function also increasing.
The network density and clustering coefficient showed increasing tendencies, and average path length
became shorter. These changes indicate that the scale of the two networks enlarged, their structure
became more complex, and heterogeneity between nodes was enhanced.

The number of countries participating in global trade of agricultural products increased and
covered almost all nations in 2016. The strength of nodes, particularly “hub” nodes, further improved
as the number of nodes increased, clearly showing the integrative trend of the global agriculture
economy. There were some important changes in the geographical pattern of global agricultural
trade—North American and European countries were always economies with the largest average node
degree, but some emerging economies such as China, Brazil, and India became important sources of
demand and supply. The original major trade link lines were replaced by new link lines.

Due to different unit prices, the proportions that the eight groups of agricultural products
represented of total agricultural trade differed greatly between the physical and value networks. Meat,
fruit, vegetables, and fiber with higher unit prices had higher shares in the value than the physical
network, and other products were the opposite. Low-value goods suited to long-term storage and
long-distance transport tended to be cross-continental trade, but perishable goods with high value
tended to be intra-continental. The main objectives of trade activities of all countries were meeting
demand and seeking greater returns.

During 1986–2016, China’s position rapidly rose in global agricultural trade networks and it
became the largest importer in the world. For both trade networks, the links between China and the
US, and China and Brazil, had the largest volume. The global trade of agricultural products plays an
important role in meeting food demand and saving agricultural resources for China, but the impacts
of China on international agricultural markets are sensitive and complex. China needs to continue
to import agricultural products by international trade to better meet domestic demand and must
propel diversification of the sources of imports. Additionally, the comparative advantages of domestic
agricultural resources should be brought into full play, and the export of high-value products should
be gradually expanded. Moreover, the economic benefit of agricultural production should be further
improved, and the competitiveness of domestic agricultural goods enhanced.

Our research considered the volume and economic trade network and illustrated their attributes
and feature change, which provide comprehensive insight into agricultural trade for decision-making
in the globalization era. However, we are limited in deeper analysis of the network, including the
topology of the two networks [14,18], prediction of the trade links [43], and the drivers behind the
evolution of the trade networks [44].
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