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Under the tide of global economic integration with aggravated environmental risks caused
by intensive human activities, the spatial network correlation of environmental risks has
become intensified. The close exchange of activities among the countries under the Belt
and Road Initiative (BRI) will especially feel this contagion of environmental risks. Given this
situation, this article analyzes the environmental risk contagion relations among the BRI
countries and the characteristics of their network structure by using social network analysis
(SNA). A block model is used to analyze the spatial clustering characteristics of the
environmental risk contagion. Specifically, the driving factors of environmental risk
contagion are analyzed through the quadratic assignment procedure (QAP) of SNA.
The results of this article provide some references for the BRI to reduce the
environmental risks and jointly control the environmental risk contagion, so as to assist
in the promotion of a green silk road.
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INTRODUCTION

In September and October of 2013, China’s President Xi Jinping put forward the cooperation
initiatives, the “New Silk Road Economic Belt” and the “21st Century Maritime Silk Road” (known
together as “One Belt and One Road”), intending to seek common development and win-win
cooperation with China’s neighboring countries. The Belt and Road Initiative (BRI) countries have
rich mineral resources but complex geographical conditions and fragile ecological environments.
They are mainly developing countries still in the stage of promoting economic growth through large-
scale resource consumption and concomitant pollution emissions, and faced with increasingly severe
ecological and environmental problems. The environmental risk of the BRI is the primary concern
due to the presence of many ecologically sensitive areas within the regions. These locations with
higher ecological sensitivity include arid regions, biodiversity hotspots, and protected areas (Tracy
et al., 2017).

The Belt and Road Initiative will greatly influence the future of global trade. However, it may
also promote permanent environmental degradation (Ascensão et al., 2018). As globalization is
typically accompanied by the transfer of industries with high carbon emissions from developed
countries to emerging economies, many of the regions along the BRI are already experiencing
resource and environmental problems along with their economic growth (Dong et al., 2015; Han
et al., 2018).
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However, disturbances to the BRI regional environmental risk
could rise dramatically because of these intense human activities
and productive activities. Moreover, environmental risks
generated by implementing these projects may result in wastes
of human and material resources, and misunderstanding and
conflicts between outsiders and locals (Xiao, 2019; Yang and Li,
2019). To help address this problem, Xi Jinping called for a
“green, healthy, intelligent, and peaceful” Silk Road (Ma, 2016).
He suggested that the participating countries “deepen
cooperation in environmental protection, intensify ecological
preservation, and build a green Silk Road” (MOFCOM, 2017).
While strengthening its ecological progress, China is committed
to building a “green silk road” with its BRI copartners. Therefore,
a comprehensive analysis of the spatial network contagion of the
environmental risks in the BRI is of great significance for
countries aiming to coordinate the control of environmental
risk levels, reduce the environmental risk contagion, and build
a green silk road.

LITERATURE REVIEW

Environmental risk is the probability and consequences of
unfortunate events caused by spontaneous natural events and
human activities spread through environmental media. It can
have destructive effects on human society and the natural
environment (Zhong et al., 1996; Torinelli and Silva Júnior,
2021). The dimensions of the environmental physical risks are
climatic, geologic, and ecosystemic (Leadership, 2017).

Mainly, studies on environmental risk always focus on the
assessments of environmental risk. Greenpeace (2017) advocated
that environmental impact assessments should be integrated into
the BRI and that the results of these assessments be made publicly
available. Torinelli and Silva Júnior (2021) used the
environmental physical risks and associated transition risks to
construct an environmental risk measurement index to assess the
impact of environmental risks on financial assets and
investments. Environment-related risks can cause “stranded
assets,” or ones impacted by unanticipated or premature write-
downs, devaluations, or conversion to liabilities (Caldecott et al.,
2014). Huang (2019) took three dimensions, including
environmental quality, climate change, and ecological
vulnerability, into account when assessing environmental risks,
and analyzed the environmental opportunities of the BRI.

The level of environmental risk in a country may not only be
determined by local environmental conditions but also by
affected other regions. On the one hand, increased
environmental risk in a country will affect the local
environmental policy standard. If environmental regulation
standards are too high, companies will locate their production
activities in countries with lax environmental regulation and high
emission intensity due to the “pollution paradise effect”
(Copeland and Taylor, 2003), thereby affecting the
environmental risks of other countries.

On the other hand, as an important link among
macroeconomic activities, trade plays an irreplaceable guiding
role in producing and consuming goods and services (Hu et al.,

2018). In the global value chain, each country and department
faces a potential environmental cost for each unit of GDP. The
environmental cost will be transferred among different countries
and departments through trade, which is closely related to the
degree, mode, and position of a country’s participation in the
value chain (Meng et al., 2016). As more than 95% of the world’s
net carbon sequestration occurs in regions along the Belt and
Road (Yao et al., 2018), the BRI bears considerable carbon
emission pressures. International trade changes a country’s
technological progress and carbon productivity (Li et al.,
2016), thereby affecting each country’s environmental risk
changes. Global trade can lead to a “carbon leak” of
greenhouse gas emissions, with rich countries relocating their
emission-intensive production activities to poorer countries
(Kuik and Hofkes, 2010; Li et al., 2020). Hence, environmental
risks are reduced in rich countries and increased in poor
countries.

International trade also affects global biodiversity. Consumers
in developed countries threaten some plant and animal species
through their demand for commodities that are mainly produced
in developing countries (Lenzen et al., 2012). Some
environmental risks caused by consumers in developed
countries have been transferred to developing countries
through trade. Moreover, some consumers derive benefits
from various services provided by nature, referred to as
“natural capital,” and cause plant and animal extinctions. The
loss of biodiversity poses significant risks to the global economy
and society (Dasgupta and McKenzie, 2020). The environmental
risk caused by such biodiversity destruction increases the
contagiousness of environmental risk among countries through
economic and social systems.

As there are multiple activities taking place in the BRI
countries under the ambit of common development, the
contagion of environmental risks may be significant. With
such concern, this article mainly targets on the countries along
the BRI, to study the spatial network contagion of environmental
risks among the countries.

The contributions of this article are as follows: first, the
research object of this article is the environmental risk
contagion relationship. Environmental risks are not only
determined by local environmental risks but also be affected
by environmental risks in other regions. Second, this article
employs the social network analysis method to study the
environmental risk contagion of the BRI. This method is
mainly applied to the research of attribute data relations,
which can not only examine the spatial relations of
neighboring regions but also present the spatial relations
between distant regions.

METHODOLOGY AND DATA

The Social Network Analysis Model
In this article, social network analysis (SNA) is used to investigate
the spatial correlation network contagion of environmental risk
among the BRI countries. SNA is an interdisciplinary analysis
method for relational data which has been widely used in many
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fields (Wasserman and Faust, 1994; Benítez-Andrades, et al.,
2020). It takes the relationship between individuals in the
structure as the analysis object and describes the relationship
pattern among individuals. Owing to the advantages of iconic
expression and precise calculation, SNA has been extensively
adopted in an army of disciplines, including economics,
sociology, management, geography, and tourism (Scott and
Carrington, 2011). This method was chosen for two main
reasons. First, the network analysis method has the
characteristics of global analysis, which can avoid the
limitation of the spatial econometric analysis method, that can
only analyze “adjacent” and “close” areas (Wolfe, 1995; Borgatti
et al., 2009). Second, the network analysis method mainly
analyzes the structural relationship data, which often
determines the attribute data and has more analytical value
(Yin et al., 2020). Therefore, this article uses the social
network analysis method to analyze the environmental risk
contagion among the BRI countries. Reilly (1929) first
introduced the gravity model to demographic geography, and
it has since been incorporated into social science studies (Cantore
and Cheng, 2018; Yu and Di, 2020). The modified gravity model
was based on the law of universal gravitation (Wu et al., 2016)
that was used to determine the spatial correlation of SNA (Liu and
Xiao, 2021).

Environmental risk–related influenced factors include air
quality, natural resources, and biodiversity (Tracy et al., 2017;
Ascensão et al., 2018). Air pollutants dominated by particulate
matter with a diameter <2.5 μm (PM2.5) cause economic losses
equal to 1% of the world’s GDP (Sheehan et al., 2014; Silver et al.,
2018). Natural resource depletion is a concern for sustainable
development as it has the ability to degrade current environments
and the potential to impact the needs of future generations
(Salvati and Marco, 2008). Threatened species is one of the
indicators of ecological vulnerability that reflects the degree of
ecological fragility and sensitivity, as well as the degree to which
regional ecological and environmental damage may occur
(Huang, 2019). In gravity, the attraction between two objects
depends on their masses and distance. Environmental footprints,
including water, land, carbon, nitrogen, and phosphorus
footprints, show strong spatial heterogeneity within the BRI
(Fang et al., 2021). Therefore, the contagion paths should be
affected by the distance between the nodes in the spatial network.
Based on the above considerations, this article modifies the
gravity model by taking into account the following key
environmental risk contagion indicators, including distance
between countries, threatened species, natural resource loss,
and particulate matter emission damage. The formula is as
follows:

Rij � kij ×
��������
P × N × S3

√ ��������
P × N × S3

√
D2

, (1)

Kij � GDPi

GDPi + GDPj
,

where Rij refers to the gravitational force between the
environmental risks of country i and country j, P is the
particulate matter emission damage, N is the natural resource

loss, and S is the threatened species; kij is the adjustment
coefficient and GDP is taken as the adjustment coefficient of
environmental risk. D is the geographical distance between
country i and country j. The gravity matrix is calculated
according to the formula, and the average value of each row
of the gravity matrix is taken as the critical value. Rij represents
the spatial contagion relationship among the BRI countries. If the
gravity value is higher than the average value, the environmental
risk contagion effect between the countries exists; otherwise, there
is no environmental risk contagion effect.

Spatial Correlation Index
Overall Network Characteristics
Density indicates the closeness of the spatial correlation of
environmental risks among the countries in the network.
Network density is applied to evaluate the level of closeness
among different nodes in a network (Bai et al., 2020). The value
of this measure ranges from 0 to 1: the higher the density, the closer
the contagion of environmental risks among the BRI countries.
Network density can be defined as the ratio of the number of
relationships owned by the node to the maximum possible
relationships in the entire network (Scott and Carrington, 2011).
Assume that the number of countries in the network is N and the
relationship number of environmental risk contagion is L, then the
calculation formula of network density (Den) is expressed as follows:

Den � L
N × (N − 1). (2)

Connectedness represents the robustness and vulnerability of
the spatial association network of environmental risks among
countries, and the value range is 0–1. If there is a direct or indirect
path between any two countries in the environmental risk
contagion network that connects the environmental risks as a
whole, the network has intense correlation. Let the number of
nodes in the network be N and the logarithm of unreachable
points in the network be V, then the calculation formula of
connectedness (CD) is expressed as follows:

CD � 1 − V
N × (N − 1)÷2. (3)

The hierarchy represents the extent to which countries are
asymmetrically accessible and whether there is a rigid hierarchical
structure in the network, indicating the dominant position of
countries in the network. Let the symmetrically reachable point
logarithm in the network be K and the maximum possible
symmetrically reachable point logarithm be max (K), then the
hierarchy (H) is expressed as follows:

H � 1 − K
max(K). (4)

Efficiency refers to the extent that redundant connections exist in
the spatial network contagion of environmental risks among
countries. Moreover, the greater the efficiency, the more intensive
the network structure’s stability. Let the number of redundant lines in
the network beM and the maximum possible number of redundant
lines be max (M), then the efficiency (E) is expressed as follows:
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E � 1 − M
max(M). (5)

Individual Centrality
In addition to describing the overall network structure
characteristics, social network analysis can also analyze the
network structure characteristics of each node through
individual centrality so as to describe the status and role of
each country in the network (Freeman, 2004; Liu et al., 2015).
Degree centrality measures the degree to which a node is in the
center of the network according to the number of connections in
the network. The country with a higher degree is in the central
position of the network. The degree is also divided into point out
degree (Out) and point in degree (In). The point out degree of
country i represents the number of special environmental risk
that is transferred from one country to others; otherwise, it is the
point in degree. Degree centrality (DC) is expressed as follows:

DC � (Ini + Outi )
2(N − 1) . (6)

Closeness indicates the degree to which other countries do not
control a node. The higher closeness indicates that the country
belongs to the central actor. The shortcut distance between
countries is denoted as dij, and closeness C is denoted as follows:

C � ∑N
j�1 dij

N − 1
. (7)

Betweeness is used to measure the degree where a country
controls the contagion of environmental risk. If a region is on the
shortest path of multi-pair regions, it is likely to play an important
role of “intermediary” or “bridge” in the network. Betweeness B is
calculated by the following formula:

B � 2∑N
j ∑N

k gjk(i)
3N2 − 3N + 2

, (8)

where gjk(i) denotes the number of the shortest associated paths
through node i between country j and country k, and gjk(i)
denotes the number of all shortest associated paths between
countries k and j, k≠ j≠ i, j< k.

Block Model
Block model analysis means dividing all of the nodes into different
modules and investigating the role and status of different modules
in the environmental risk contagion. In this article, the BRI
countries are divided into four types by the block model: main
beneficiary, two-way spillover, broker, and net spillover.

The Quadratic Assignment Procedure
Method
There is a premise in the traditional multiple regression model;
that is, the explained variables are independent, and there can be
no multicollinearity. Otherwise, serious errors will occur in the
regression. Therefore, the “relation” variables in this article are
highly correlated and do not fit the traditional multiple linear

regression. QAP (quadratic assignment procedure) analysis is a
nonparametric test method based on random permutation. By
comparing the differences between two matrices, the relation
number between matrices is determined.

According to the gravity model of environmental risk
mentioned constructed above, the most direct influencing
factor of the environmental risk contagion between countries
includes geographical distance, loss of natural resources, damage
from particulate matter emissions, and threatened species. These
indicators are presented in Table 1.

Climate investment is used mainly for national mitigation and
adaptation projects to address environmental vulnerability
caused by climate change, which will affect the contagious
relationship of environmental risks between countries to a
certain extent. Energy transition difference represented by
differences in installed capacity of renewable energy indicates
that the degree of energy transformation and upgrading in
different countries may affect the environmental risk level and
the contagion effect. The model is established as follows:

R � f (D, N ′, P′, S′, F′, E′). (9)

The Data Source
The BRI countries were taken as the research objects. All data
were extracted from the World Bank database. We selected 44
countries from 65 commonly accepted BRI countries due to lack
of data in some countries. The selected 44 countries are presented
in Table 2. The distance between the countries (D) was
represented by spherical distance, which was calculated by
ArcGIS. The World Bank estimated the damage from
particulate emissions (P) and the depletion of natural
resources (dollar as the unit) based on sources and methods
described in the World Bank’s The Changing Wealth of Nations
(2011). Natural resource depletion (N) is the sum of net forest
depletion, energy depletion, and mineral depletion. Energy
depletion is highly related to fossil fuel energy consumption,
which results in climate change risk. Net forest depletion is unit
resource rent times the excess of roundwood harvest over natural
growth. Energy depletion is the ratio of the value of the stock of
energy resources to the remaining reserve lifetime; it covers coal,
crude oil, and natural gas. Mineral depletion is the ratio of the
value of the stock of mineral resources to the remaining reserve
lifetime; it covers tin, gold, lead, zinc, iron, copper, nickel, silver,
bauxite, and phosphate. Threatened species (S) is the number of
species classified by the International Union for Conservation of
Nature (IUCN) as endangered, vulnerable, rare, indeterminate,
out of danger, or insufficiently known. The data of threatened
species are only available in 2018. In order to ensure the data
neatly in the paper, all data of variables are selected in the same
year.

The difference in percentage of natural resource loss in GNI
(N′), the difference in particulate emission damage as a
percentage of GNI(P′), and the difference in threatened
species (S′) are all from World Bank database with matrix
operations. In addition, it includes the climate investment
difference (F′), which is represented by the Asian
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TABLE 1 | Classification, variable, indicator, and reference.

Classification Variable Indicator References

Dependent variable R Environmental risk contagion Mudakkar et al. (2013)
Independent variable D Geographical distance Fang et al. (2021)

N′ Difference in the natural resource loss Salvati and Marco, (2008)
P′ Difference in the particulate matter emission damage Sheehan et al. (2014), Silver et al. (2018)
S′ Difference in the threatened species McClure et al. (2018), Huang (2019)
F′ Difference in climate investment D’Orazio and Popoyan (2019)
E′ Difference in energy transition Shahbaz et al. (2013), Farhani and Shahbaz (2014)

TABLE 2 | Income situation of the BRI.

Low-income country Afghanistan, Nepal
Middle-low–income country Egypt, Pakistan, Philippines, Kyrgyzstan, Mongolia, Bangladesh, Myanmar, Moldova, Ukraine, Uzbekistan, India, Indonesia,

Vietnam, Georgia
Middle-high–income country China, Albania, Azerbaijan, Belarus, Bulgaria, Russian Federation, Kazakhstan, Romania, Malaysia, Turkey, Thailand,

Jordan, Iraq
High-income country Oman, Kuwait, Bahrain, Qatar, Croatia, Lithuania, Estonia, Saudi Arabia, Slovak Republic, Slovenia, Poland, Hungary,

Brunei, Israel, Greece

FIGURE 1 | Spatial correlation network of environmental risks in the BRI.
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Infrastructure Investment Bank (AIIB) climate investment in the
BRI. The AIIB’s climate investment in the BRI was funded until
the end of December 2018. The data come from the project
information compilation on the official website of the AIIB, and
the unit is 100 million dollars. The installed capacity of renewable
energy data was derived from the International Renewable
Energy Agency (IRENA) database in 2018, and the unit is MW.

RESULTS AND DISCUSSION

Overal Network Stucture Analysis
The spatial correlation network diagram of environmental risks
in the BRI was drawn by ArcGIS (Figure 1). The environmental
risks of the BRI countries present a complex and multi-threaded
network structure, and present obvious spatial contagion effects
along the “One Belt and One Road” economic corridor.

This article used SNA to analyze the network relevance of
environmental risks in the BRI. The network correlation degree
was 1, indicating that the correlation degree between the countries
is strong, the environmental risk contagion exists among countries,
and the network structure is relatively stable. As can be seen from
Figure 1, the two important main lines of environmental risk
network transmission are “Belarus–Vietnam–other Southeast
Asian countries” and “Belarus–India–Indonesia,” which are
important paths to form the “One Belt and One Road”
environmental risk network contagion structure, running
through the whole Eurasian continent. In addition, the spatial
network transmission routes of environmental risks on the “Silk
Road Economic Belt” (China-Central Asia–Europe) and the “21st
Century Maritime Silk Road” (China–Africa–Europe) are obvious.
They show that the Belt and Road Initiative has played a decisive
role in forming the spatial network pattern of environmental risk
transmission among countries along the Silk Road. This article uses
the network density to measure the tightness of the environmental
risks of the BRI. With a network density of 0.093, 44 countries
showed that environmental risks among the countries had certain
compactness, but the compactness was low. The network rating is
0.7674, indicating the existence of a rigid hierarchical network
structure. To a large extent, the environmental risk contagion is
concentrated in a few countries so that these countries need to
focus on the control of environmental risks. The network efficiency
is 0.9048, which is relatively high with many redundant
connections, indicating that the network of spatial association of
environmental risks between countries is stable.

Network Centralization Analysis
Degree
The higher the degree, the higher the environmental risk contagion of
these countries that will affect the surrounding countries to a greater
extent. As shown in Figure 2, Uzbekistan, Nepal, Bangladesh, and
Lithuania are in the highest range of degree for the following reasons.

First, in terms of economic development, these countries are
all low-income or middle-low–income countries, except
Lithuania (Table 2). They have a single economic structure
and an extensive economic growth mode, and the investment
in environmental governance is not enough. In addition, their

economic development is relatively dependent on the
exploitation and utilization of water, oil, and gas, and mineral
resources. The insufficient environmental protection in the
process of exploitation and utilization further exacerbates the
ecological environment vulnerability, thereby seriously affecting
the sustainable development of the region. Therefore, the
countries in the highest range of degree centers have greater
environmental risk contagiousness that may transmit
environmental risk to other countries through various
channels. Second, in terms of geographical location, these
countries are the transportation hubs of the BRI and have a
strong possibility to transmit environmental risks to the
surrounding countries. Uzbekistan is at the center of the BRI,
and Nepal and Bangladesh are adjacent. They are located in South
Asia, connecting East and Southeast Asia. Lithuania is a
developed country in eastern Europe, located in the heart of
Europe. They are important individuals contributing to forming
the spatial contagion network pattern of environmental risks
along the “One Belt and One Road.”

Similarly, the countries of lower degree have lower
environmental risk contagiousness in the network and will not
significantly impact neighboring countries. The countries with
the lowest degree are Moldova, Brunei, Malaysia, Slovak
Republic, China, Belarus, Bulgaria, Estonia, and Turkey. With
the exception of Moldova which is categorized as a middle-
low–income country, the other countries are high-income or
middle-high–income countries. High-income countries invest
more in environmental governance, optimizing their industrial
structure, and have a stronger ability to control environmental
risks. Hence, the contagion of environmental risks is lower.
Moldova is in central and eastern European with relatively
poor natural resources. It is a typical energy importer which
lacks hard coal, iron ore, oil, and natural gas. Therefore, its
potential environmental risks are relatively small, and the
possibility of environmental risk contagion is relatively low.

Closeness
As shown in Figure 3, countries at the highest range of closeness
include Georgia, Uzbekistan, and Egypt, indicating that they have
more direct connections with others and are prone to
transmitting environmental risks to other countries while
being less susceptible to be controlled and contagious from
other countries. Countries with closeness at the lowest
closeness include Brunei in Southeast Asia, Croatia, Slovakia,
and Slovenia in central and eastern Europe, which are located at
the edge of the BRI and have fewer direct connections with other
countries. Thus, their environmental risks have fewer external
contagion paths, and they are more vulnerable to be contagious
from other countries.

Betweeness
Countries with higher betweeness have a stronger ability to
influence other countries in the spatial correlation network of
environmental risks and act as intermediaries and bridges. As
shown in Figure 4, Uzbekistan, Georgia, Egypt, Ukraine,
Lithuania, and Nepal have the highest betweeness, indicating
that they play strong intermediary roles in the environmental risk
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contagion. Among them, Lithuania, Ukraine, and Georgia are
located in central and eastern Europe, Uzbekistan is located in
Central Asia, Egypt is located inWest Asia and North Africa, and
Nepal is located in South Asia. These countries with high
betweeness are scattered in various regions and play the roles
of intermediary contagion.

Countries with betweeness of 0 include China, Belarus, Brunei,
Estonia, Kyrgyzstan, Moldova, Saudi Arabia, Slovak Republic,
and Turkey, and they have almost no mediating effect in the
network contagion of environmental risks. This indicates that
they have relatively strict environmental governance and strong
defense against environmental risks, and will hardly transmit
environmental risks to other countries.

Block Model Analysis
The block model was used to analyze the spatial clustering
characteristics of the spatial correlation network of
environmental risks in the BRI. The CONCOR method was
used to select the maximum depth as 2 and the concentration
standard as 2. The BRI countries were divided into four sections.
The results are shown in Figure 5. There are seven members in
the first plate, namely, Afghanistan, Nepal, Oman, Pakistan,
Mongolia, Kyrgyzstan, and Uzbekistan, which are mainly
situated in South Asia, West Asia, and Central Asia. The

second plate has seven members, including Qatar, Saudi
Arabia, Kuwait, Bahrain, India, China, and Kazakhstan,
distributed mainly in East Asia and West Asia. The third plate
has 10 members, including Croatia, Lithuania, Albania, Hungary,
Slovak Republic, Estonia, Belarus, Slovenia, Bulgaria, and Poland,
distributed mainly in central and eastern Europe. The fourth plate
has 20 members, including Azerbaijan, Greece, Israel,
Bangladesh, Moldova, Brunei Darussalam, Iraq, Egypt, Jordan,
Georgia, Romania, Russian Federation, Myanmar, Indonesia,
Malaysia, Thailand, the Philippines, Vietnam, Turkey, and
Ukraine, distributed mainly in Southeast Asia, West Asia, and
central and eastern Europe. The total number of contagion
relationships in the BRI is 352, the number of intra-plate
relations is 139, and the number of inter-plate relations is 213,
indicating that the spillover effect between plates was noticeable.

According to the block theory model (White et al., 1976;
Snyder and Kick, 1979), we divided the BRI into four plates
(Table 3). The number of outgoing relations of plate I is 39, but
the number of receiving relations is 32, and the number of
internal relations is 26. The expected internal relation
proportion is 14%, but the actual internal relation proportion
is 69%. The members of this plate sendmore connections to other
plates than they receive, which is the “net overflow” plate. The
sending relation number of plate II is 19, the receiving relation

FIGURE 2 | Degree of environmental risk in the BRI.
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number is 28, and the internal relation number is 14. The number
of internal relations of this plate is less than that of external
relations, so it is the “broker” plate. The sending relation number
of plate III is 39, the receiving relation number is 36, and the
internal relation number is 32. The sending relation number of
members of this plate is also higher than the receiving relation
number of other plates, and it is the “main beneficiary” plate. The
sending relation number of plate IV is 79, the receiving relation
number is 80, and the internal relation number is 67. The
expected internal relation ratio is 44%, and the actual internal
relation ratio is 85%. The actual internal relation ratio is greater
than the expected internal relation ratio, so it is a “two-way
overflow” plate.

In addition, according to the distribution of the contagion
relationship among environmental risk plates, this article
calculates the network density matrix of each plate. If the plate
density is greater than the network density which is 0.093, the value
is assigned 1; otherwise, it is 0. In this way, the multivalued density
matrix is transformed into an image matrix (Table 4). The
probability value on the main diagonal of the image matrix is 1,
indicating that the environmental risk contagion of the BRI within
the plate has a significant correlation, showing an obvious “club”
effect. As shown in Table 4, the spillover effect of the first plate is
mainly reflected in the first and second plates, while the spillover
effect on the other environmental risk plates is mainly reflected in

the interior of each plate and has no significant impact on the other
plates. Figure 5 shows that the engine of environmental risk is the
third plate, which transmits environmental risk to the fourth plate,
and the fourth plate acts as a bridge and hub.

Quadratic Assignment Procedure Analysis
Quadratic Assignment Procedure Correlation Analysis
Environmental risk contagion represents a kind of “relationship”
between countries. All variables in the model are “relational data”
and appear in the form of a matrix. Therefore, it is not possible to
test whether there are mutual effects among the relational data
through the conventional statistical test method. The QAPmethod
is one of the most common methods in network analysis (Li et al.,
2014). As it does not require the assumption that independent
variables are independent, it is more robust than the parametric
method. Based on the substitution of the matrix, QAP correlation
analysis generates the correlation coefficient by comparing the
similarity of each lattice value in the two square matrices and then
carries out a nonparametric test on the correlation coefficient.

The UCINET software is used herein to randomly permute the
matrix data 5,000 times, thus obtaining the correlation coefficient
between the spatial association matrix of environmental risk
contagion and other driving factors with selective random
permutation 5,000 times. Minimum value and maximum
value, respectively, represent the minimum and the maximum

FIGURE 3 | Closeness of environmental risk in the BRI.
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correlation coefficients obtained by the matrix permutation, and
p ≥ 0 and p ≤ 0, respectively, indicate the proportion of the
correlation coefficients obtained by the matrix permutation
greater than or equal to and less than or equal to the actual
correlation coefficient. As can be seen from Table 5, all the
driving factors including geographical distance D, difference in
the proportion of natural resource loss N′, difference in the
proportion of particulate matter emission damage P′, difference
in threatened species S′, difference in AIIB’s climate investment F′,
and difference in renewable energy investment E′ are significantly
correlated with the spatial contagion of environmental risks.

Table 6 shows the correlation between the different variables
in this part. Other variables have relationships with spatial
adjacency relation under different significant levels; D is
significantly correlated with S′ at the 1% level, P′ is also
significantly correlated with F′ at the 10% level, and N′ is
significantly correlated with S′ at the 10% level and E′ at the
1% level. There exists a multicollinearity problem between
independent variables. To address this issue, we have applied
the QAP method to study the following regression analysis.

Quadratic Assignment Procedure Regression Analysis
QAP regression analysis is used to investigate the regression
relationship between multiple independent variable matrices and
one dependent variable matrix. According to the QAP correlation
analysis results, the five driving factors with significant
correlation coefficients are selected as the independent
variables for QAP regression analysis. Then, the UCINET
software is used to randomly permute the data 2000 times,
and the QAP regression results are obtained, as shown in
Table 7. Since the QAP regression is based on matrix
permutation to perform the test, normal standard errors
cannot be obtained (Peoples and Sutton, 2015). The regression
coefficients of the relation matrix variables and their significance
test results are analyzed as follows. The absolute regression
coefficients are significant except P′; the significance levels of
D,N′, S′, and E′ are at 1% level, and the significance level of F is at
5% level. The regression coefficients of D, N′, F′, and E′ were
negatively significant.

Geographical distance significantly decreases the contagion of
environmental risk among countries. The farther the

FIGURE 4 | Betweeness of environmental risk in the BRI.
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FIGURE 5 | Contagion relationship of environmental risk between the four major plates.

TABLE 3 | Spillover effects of environmental risk contagion among four plates.

Plate I Plate II Plate
III

Plate
IV

Number
of plate
members

Expected
internal

relationship
ratio (%)

Actual
internal

relationship
ratio (%)

Number
of

sending
relations

Number
of

receiving
relations

Plate I 26 9 0 4 7 14 67 39 32
Plate II 3 14 0 2 7 14 74 19 28
Plate III 0 0 32 7 10 21 82 39 36
Plate IV 3 5 4 67 20 44 85 79 80

Note: The expected internal relationship ratio � (the number of members in the plate -1)/(the number of members in the whole network -1), and the actual internal relationship ratio � the
number of internal relationships in the plate/the total number of overflowing relationships in the plate.

TABLE 4 | Density matrix and image matrix.

Density matrix Image matrix

Plate I Plate II Plate III Plate IV Plate I Plate II Plate III Plate IV

Plate I 0.619 0.184 0.000 0.029 1 1 0 0
Plate II 0.061 0.333 0.000 0.014 0 1 0 0
Plate III 0.000 0.000 0.356 0.035 0 0 1 0
Plate IV 0.021 0.036 0.020 0.176 0 0 0 1
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geographical distance, the lower the possibility of the
environmental risk contagion among countries.

The greater the difference in loss of natural resources, the
smaller the environmental risk contagion. If the loss of natural
resources in a country is lower than that in other countries, the
stronger ability will the country own to control environmental
risks, and the less likely it is to transmit risks to other countries or
be transmitted from other countries.

The greater the difference in threatened species, the greater the
environmental risk contagion, that is, the more the threatened
species in one country relative to other countries, the more
serious the destruction of biodiversity, and the more likely it is
to transmit the risks to other countries.

Climate investment difference is significantly negatively
correlated with environmental risk contagion. The greater the
climate investment difference, that is, the more the climate
investment one country receives relative to other countries, the
more the funds will be used to tackle climate change, the less likely
it is to transmit risks to other countries or be transmitted from
other countries.

Particulate matter emission damage difference is insignificant
for environmental risk contagiousness. The possible reason is that
the environmental pollutants such as PM2.5 show significant
spatial autocorrelation and spatial spillover effects in the BRI
countries (Fang et al., 2020). Particulate matter emissions as
environmental pollution source have produced spatial spillover
effect before they resulted in environmental risk, so the contagion
effect of environmental risk is weakened.

Energy transformation difference is significantly negatively
correlated with environmental risk contagiousness. The greater

the difference in the energy transformation, the greater the degree
of energy transformation in the country than that in other
countries, and the smaller the environmental risk contagion
between the two countries. This indicates that the countries
with the greater energy transformation and upgrading have
the stronger ability to resist the environmental risk and will
not be affected by other countries. Moreover, the lower the
level of environmental risk within a country, the less likely it
is to transmit the risks to other countries.

CONCLUSION AND POLICY
RECOMMENDATIONS

Conclusion
The environmental risks among the BRI countries present a
complex and multi-threaded network structure with strong
spatial correlation and a stable network structure. The Belt
and Road Initiative has played an important role in the
formation of the spatial network pattern of the environmental
risk contagion in countries along the Silk Road Economic Belt
(China–Central Asia–Europe) and the 21st Century Maritime
Silk Road (China–Africa–Europe). The spatial network contagion
paths of environmental risk are obvious.

The environmental risk of the BRI has a strict hierarchical
network structure, and the environmental risk contagion was
concentrated in a few countries to a large extent that these
countries need to focus on controlling environmental risk. The
degree of Uzbekistan, Nepal, Bangladesh, and Lithuania is in the
highest range. Compared with other countries in the network, the
environmental risk contagious of these countries is higher, which
will affect the surrounding countries to a large extent. Uzbekistan,
Georgia, Egypt, Ukraine, Lithuania, and Nepal have the highest
degree of betweeness, which played intermediary roles in the
environmental risk contagion and have strong ability to influence
the environmental risks of other countries.

According to the block model, the spatial clustering
characteristics of environmental risk contagiousness of the
countries along the “One Belt and One Road” route were
analyzed and divided into four plates. The countries of
different plates play different roles in the spacial network
contagion of environmental risks. The spillover effect of the
first plate is reflected mainly in the first plate and the second
plate, while the spillover effect of other environmental risk plates

TABLE 5 | QAP analysis results of environmental risk contagion and other driving factors.

Independent Actual correlation
coefficient

Significance Correlation
coefficient

Mean standard
deviation

Minimum value Maximum value p ≥ 0 p ≤ 0

D −0.356a 0.000 −0.000 0.027 −0.119 0.084 1.000 0.000
N′ −0.080a 0.001 0.001 0.025 −0.088 0.091 1.000 0.001
P′ −0.037b 0.055 0.000 0.024 −0.082 0.102 0.945 0.055
S′ −0.118a 0.000 −0.000 0.024 −0.087 0.093 1.000 0.000
F′ −0.037b 0.055 −0.000 0.023 −0.084 0.091 0.945 0.055
E′ −0.035b 0.057 −0.000 0.023 −0.060 0.086 0.943 0.057

Notes.
aSignificance at 1% level.
bSignificance at 10% level.

TABLE 6 | Data on the relationships of driving factors using the QAP method.

D P9 N9 S9 F9 E9

D 1a 0.007 −0.002 0.5a −0.001 0.029
P′ 0.007 1a −0.093 −0.004 0.146b −0.089
N′ −0.002 −0.093 1a −0.116b −0.002 0.843a

S′ 0.5a −0.004 −0.116b 1a 0.392a −0.126a
F′ −0.001 0.146b −0.002 0.392c 1a −0.032
E′ 0.029 −0.089 0.843a −0.126c −0.032 1a

Notes.
aSignificance at 1% level.
bSignificance at 10% level.
cSignificance at 5% level.
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is reflected mainly in the interior of each plate. The engine of
environmental risk is the third plate, which transmits
environmental risk to the fourth plate, and the fourth plate
acts as an obvious bridge and hub.

The environmental risk contagion relationship of the BRI is
significantly negatively correlated with geographical distance,
differences in natural resource loss, differences in particular
matter emission damage, differences in climate investment,
and differences in energy transition. It was significantly
positively correlated with differences in threatened species.

The limitations and future works of the article are as follows.
First, the data in this article are cross-sectional data, which makes
it impossible to do time series analysis. Second, this paper only
aims to analyze the overall situation of “environmental risk
contagion” between countries, and lack of country-by-country
analysis. It’s difficult to analyze all aspects in a single study, the
following research may further analyze the influence mechanism
of the environmental risk level of the BRI countries.

Policy Recommendations
The Belt and Road Initiative has played an important role in the
formation of the spatial network structure of the environmental
risk contagion. While strengthening environmental governance
and striving to reduce their environmental risks, the countries
should strengthen collaborative governance, reduce ecological
and environmental risks, prevent environmental risk contagion,
so as to achieve the green silk road. From the analysis of this
article, it can be concluded that reducing a country’s
environmental risk loss and strengthening the ability of
environmental risk defense can effectively prevent the
environmental risk contagion from other countries. Therefore,
we put forward the following suggestions for reducing the
contagion of environmental risks among the BRI countries.

Strict environmental systems and strong environmental
regulation can reduce the environmental risk and improve the
ability to resist the environmental risk contagion effectively.
Stricter environmental regulations should be formulated,
especially for the countries in the BRI’s transport hub, with
high betweeness that play the role of the intermediary
contagion. Green trade barriers should be strengthened, such as
adding “green labels” to products, to achieve green production and
consumption from the upstream and downstream in the trade.

The loss of natural resources is one of the driving factors of the
environmental risk contagion that include forest loss, energy loss,
and mineral resource loss. Therefore, the countries should
expand the forest area to enhance the ecological environment’s
self-repair ability and carbon storage ability, and provide a
suitable living environment for biodiversity. In the process of
mining mineral resources, attention should be paid to protect the
environment and take rational exploitation. The BRI should
further increase investment in developing renewable energy by
taking advantages of the geographical resources of various
countries to reduce greenhouse gas emissions.

The BRI should attach great importance to protect
biodiversity. As the BRI includes 27 of the 35 globally
recognized biodiversity hotspots, biodiversity conservation
needs to be considered as an important aspect of high-quality
development in the BRI. The investment in biodiversity hotspots
must take green development into consideration with the active
implementation of the Convention on Biological Diversity (CBD)
to avoid increasing environmental risks due to excessive
investment and consumption.

Climate investment from AIIB should be increased more,
especially for low-income countries. The BRI should leverage
the role of the assistance fund for South-South cooperation,
strengthen climate change projects, and promote energy
transformation and upgrading. The BRI also can improve the
green financial system and encourage more financial institutions
to participate in green investments such as renewable energy.
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Notes.
aSignificance at 1% level.
bSignificance at 5% level.
cSignificance at 10% level.
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