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In this study, a complex network method was employed to quantify the

changing role of countries in fish trade and the dynamic characteristics of fish

globalization. Based on the United Nations Comtrade Database, the International

Trade Network for Fish and Fish Products (ITN-Fish) was constructed as a series

of weighted-directed networks for each year from 1990 to 2018. Almost all

countries and territories worldwide have participated in the fish trade. In 2018, the

network identified 229 fish traders. The share of developing countries in imports

and exports has increased. Traders actively establish new trade relations, which

improve network connectivity. However, these relations only account for a small

part of the fish trade. The high connectivity allows risks to spread rapidly in the

world through hubs such as the United States and China, which raises concerns

about the robustness of these weak links in the Sino-US trade conflict and the

outbreak of COVID-19. However, we have optimistic expectations on this issue.

The dynamic of network topology property shows that the globalization of fish

trade flourished between 1990 and 2018. Although, due to the financial crisis

and its subsequent impact, the total amount of fish trade declined in 2009 and

2015, the network structure was not seriously a�ected, and the trend of topology

property remained unchanged. Based on the construction of the international

trade network, its node attribute, and its structural attribute, fish trade maintains

the trend of globalization. Countries should actively adhere to trade globalization

to promote the development of the fish trade.

KEYWORDS

complexnetwork, globalization, fish trade, network connectivity, network topology, trade

balance

1. Introduction

Fisheries and aquaculture have contributed outstandingly to vital global issues
such as ensuring global food security, maintaining stable employment, and promoting
ecological civilization (Allison, 2011; Ogello and Munguti, 2016). In recent decades,
the global fishery and aquaculture industry has expanded rapidly, the global fishery
economy has developed rapidly, and the international trade of fishery and aquaculture
products has increased significantly (Subasinghe et al., 2009). According to data
reported by Food and Agriculture Organization (FAO), in 2018, nearly 38% of fish
caught or farmed globally was traded between countries, and 221 countries and
territories reported fish trade activities (FAO, 2020a). Under cross-regional cooperation
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in fishery production, processing, fresh-keeping, packaging, and
other economic activities, a complex global aquatic product
trade relationship has been formed (Maluck and Donner, 2015;
Ivanov and Dolgui, 2020). The process of fisheries globalization
is intertwined with the economic structure of fisheries, with trade
playing a central role in facilitating exchanges between countries
(Crona et al., 2016). Therefore, quantifying the global aquatic
product trade relationship is of great significance for understanding
the development law of the global aquatic product trade system and
formulating reasonable trade policies.

The international trade network (ITN), also known as the
world trade network (WTN), refers to a network constructed based
on bilateral national trade data that can reflect the mutual trade
relations between different countries. The nodes in the network
refer to the countries participating in trade, and the links represent
the relationship between the two countries. The link weight
measures the trade volume between countries (De Benedictis and
Tajoli, 2011; Almog et al., 2017). In recent years, there have
been many empirical studies on international trade issues from
the perspective of complex networks (Li et al., 2003; Serrano
and Boguñá, 2003; Garlaschelli and Loffredo, 2005), constructing
national trade networks based on bilateral trade data between
countries and exploring network topology characteristics and
patterns of trade development among countries (Almog et al., 2015;
García-Pérez et al., 2016). Based on the aforementioned empirical
research, the following points can be drawn. First, the international
trade network has the characteristics of scale-free and small-world
attributes and a high clustering coefficient. Second, the trade flow
carried by the link is related to the scale of the economy. Large
economies establish connections, and the opportunities are better
than those of small economies. Therefore, in international trade
network research, node degree, minimum path, and clustering
correlation coefficient are usually used to explore the network
evolution law (He and Deem, 2010).

Fisheries have transformed from a local, vital food resource to
an increasingly regionalized, market-oriented one. In the study of
Gephart and Pace, the global seafood trade network constructed
from 1994 to 2012 shows that seafood is increasingly globalized
and trade is expanding (Gephart and Pace, 2015). In addition,
the influence of East Asian countries in the global seafood trade
network has been verified (Yamao, 2006; Asche, 2014), and the
status of developing countries in the trade network has increased,
especially China and Thailand (Aksoy and Beghin, 2004; Gephart
and Pace, 2015). Furthermore, the trade expansion is mainly
attributed to the growth of aquatic product production and the
improvement of reprocessing capacity (Natale et al., 2015).

Nowadays, fish and fish products are among the most traded
food commodities in the world, and their globalization brings
benefits and risks to global food security (D’odorico et al., 2014).
International trade can improve food security by coordinating fish
supplies. For example, based on the production of aquatic products,
low-income countries have eliminated poverty and ensured food
security by exporting high-value aquatic products and domestic
sales of low-value aquatic products (Jaunky, 2011; Watson et al.,
2017). However, the dependence on international trade also exposes
countries to the risk of external instability. For example, after
the financial crisis, the upper-body trend of international trade in
fish and fish products has generally slowed down (FAO, 2020a).

Countries with lower economic levels are more vulnerable to
external shocks in international trade networks (Gephart et al.,
2016).

After sorting out the existing research on the international trade
of aquatic products, there is still room for improvement. In terms of
database selection, not all fish and fishery products were included in
the networks constructed by previous studies. This may be because
the Food and Agriculture Organization’s FishstatJ (FAO, 2020b),
a frequently used ocean trade database covering all fish and fish
products, only contains total imports and total exports, not bilateral
trade information. Although bilateral trade information is provided
in the trade matrix, seafood is not included (Gephart and Pace,
2015), and it has become one of the most traded foods in the
world (UNCTAD, 2017). In addition, indicators that can quantify
the dynamic characteristics of the fish globalization process, such
as network connectivity and small-world attributes, are ignored.
Previous studies have paid more attention to food security and
trade flows, such as the role of marine product trade in global
food security (Asche, 2014) and the net flow of seafood from the
global south to the global north (Smith et al., 2010). Although
the aforementioned studies provide essential information for global
fish trade, they needmore information on the evolution of the trade
network structure.

This study builds an international trade network of fish
and fisheries products based on the bilateral trade data between
countries and regions. It explores opportunities to promote the
healthy development of aquatic product trade by analyzing the
evolution characteristics and structure of the trade. The specific
implementation process is as follows: First, match the FAO
classification criteria for fish products with the HS and SITC codes
used in the United Nations Comtrade Database to ensure that the
data obtained from the UN Comtrade covered the full range of
fish and fish products. Second, the International Trade Network
for Fish and Fish Products (ITN-Fish) is constructed, its share of
the trade value weights the links between countries. In addition
to covering more fish products than Gephart and Pace (2015), we
also extended the time range of the network from 1994–2012 to
1990–2018. Topological properties such as density, stability, and
small-world index were further used to quantify the dynamics of
fish globalization. In addition, this work has laid a foundation
for studying the impact of the US–China trade conflict and the
COVID-19 pandemic on the global fish trade system, which is
explored in a separate article.

2. Methods

2.1. Network construction

2.1.1. Data
The data on bilateral trade flows are taken from the UN

Comtrade based on HS and SITC codes (Appendix 1). The UN
Comtrade database records bilateral trade data for a year or month
reported to the UN Statistics Division (UNSD) by countries and
territories (traders) around the world, with merchandise classified
by HS or SITC codes (UNSD, 2020). As the Republic of China
(Taiwan Province of China) is classified as “Other Asia, not
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elsewhere specified” in the database, its trade data are obtained from
the Bureau of International Trade (https://www.trade.gov.tw/).

In this study, fish and fish products refer to all of the
commodities under “Fish, crustaceans and mollusks” and “Other
aq. animals and products” of “Yearbook/SOFIA selection of
commodities” in FishstatJ. In Appendix 1, we list the HS and SITC
codes required to obtain bilateral trade data for these commodities
from the UN Comtrade database and the correspondence between
the two codes. As the classification of HS is more detailed, its
codes are chosen when data classified by HS and SITC codes are
both available.

2.1.2. Reconciliation of bilateral trade flows
In a given year, two trade values can correspond to a trade

flow (υi→j) from exporter i to importer : υ i
i→j and υ

j
i→j reported

by i and j respectively. However, bilateral asymmetries in trade
data (υ i

i→j 6= υ
j
i→j) are a well-known phenomenon in official

statistics (UNSD, 2019). The importer’s value is generally more
reliable than the exporter’s due to the taxes to which imports are
subject (García-Pérez et al., 2016), so υi→j = υ

j
i→j, whenever

υ
j
i→j is available, or else υi→j = υ i

i→j. This method of reconciling
bilateral trade flows ensures that the total imports are equal to
the total exports. Countries involved in fish trade but have not
reported their activities to UNSD can be identified in the network
only if their partners report trade activities with them. Self-trade
and trade with unspecified areas (such as “Antarctica,” “Other Asia,
not elsewhere specified,” etc.) are considered invalid trade flows and
are eliminated. Two hundred thirty-nine traders were identified as
participating in the fish trade during 1990–2018. Each year, every
trader in the network is identified by numeric and three-letter codes
(Appendix 2).

2.1.3. Construction of ITN-Fish
ITN-Fish, a time sequence of weighted and directed networks,

is constructed. The N nodes are traders participating in the fish
trade, and directed links represent the trade flows of fishery
commodities each year (t = 1990, 1991, ... , 2018). As this study
focuses on the evolution of the topology properties rather than total
trade value, the trade flows are rescaled by the total value of trade
for fishery commodities in each given year to ensure comparability
of topological properties across years. Therefore, the directed link
from country i to j in year t is weighted by wi→j,t =

υi→j,t
∑

i

∑

j υj→j,t
,

and
∑

i

∑

j wi→j,t = 1.

2.2. Network properties

2.2.1. Degree
In a directed network, in-degree (kini ) and out-degree (kouti )

are the numbers of incoming and outgoing trade flows of a
given country (i.e., the numbers of import and export partners),
and

∑

i k
in
i =

∑

i k
out
i as the trade flows have been reconciled.

Undirected degree (ki), an undirected property that measures the
number of trade partners of a given country, is introduced to this
study to calculate the undirected density (2.2.4) and small-world

index (2.2.6). The undirected edge i − j can represent both links
i → j and j → i, so ki ≤ kini + kouti .

Once the degrees for all nodes have been estimated, degree
distribution can be measured to determine if there are hubs in
ITN-Fish. Many real-world networks, including ITN (Bhattacharya
et al., 2007; Serrano et al., 2007; Konar et al., 2011; Carr et al., 2012),
are characterized by scale-free distributions (P

(

degree = k
)

∼ k−λ,
with its complementary cumulative distribution Pc

(

degree ≥ k
)

∼

k−λ+1), and exponential distributions [P
(

degree = k
)

∼ e−λk,
with its complementary cumulative distribution Pc

(

degree ≥ k
)

∼

e−λk]. In two distribution forms, λ, a positive scaling constant,
defines the rate of decay in the probability of finding a node
with increasing k. Higher values of λ indicate a steep slope in the
distributions (i.e., a lower probability of finding highly connected
nodes).Moreover, the decay rate in scale-free distributions is slower
than in exponential distributions, meaning that the probability of
finding nodes with larger k is higher in scale-free distributions
(Fornito et al., 2016a).

2.2.2. Strength
A precise assessment of the country’s role in ITN-Fish cannot

neglect the magnitude of the flux carried by each trade flow. This
information can be retrieved by summing up all the weights of
the incoming or outgoing links (Serrano et al., 2007), which gives
us the shares of import and export values of a given country in
total global trade. In the network literature, these two variables
are called in-strength and out-strength and are denoted by Sini =
∑

j wj→i and Souti =
∑

j wi→j (Barrat et al., 2004). The shares of
net and total values of a given country in total global trade, i.e., net-
strength and tot-strength, can be computed as Sneti = Souti −Sini and
Stoti = Souti + Sini , respectively.

To measure the imbalance in the fish trade, we propose
two metrics—the Average Net-strength Ratio (ANR) and Total
Net-strength Ratio (TNR):

ANR =

∑

i
|Sneti |
Stoti

N
(1)

TNR =

∑

i
|Sneti |Stoti

Stoti

∑

i S
tot
i

N
=

∑

i

∣

∣Sneti

∣

∣ /2 (2)

ANR reflects the average ratio of each country’s net trade to its
total trade, while TNR is a weighted average of the ratios scaled by
total trade. As the trade flow has been reconciled, Souti = Sini = 1
and

∑

i S
tot
i = 2.

2.2.3. Centrality
Centrality analysis determines the importance of nodes in a

network based on their connectivity within the network structure
(Dwyer et al., 2006). Many measures of node centrality are
suggested for different networks and research purposes (Koschützki
et al., 2005; Dwyer et al., 2006). To quantify the status of nodes
in ITN-Fish, we employ eigenvector centrality, in which the
centralities or statuses of positions are recursively related to the
centralities or statuses of the positions to which they are connected
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(Wasserman and Faust, 1994). The eigenvector centrality (xi) suited
to the weighted directed network is composed of endogenous
and exogenous components, and the endogenous component is
a function of the status of the nodes to which the given node
is connected (Bonacich and Lloyd, 2001). Let x be a vector of
centrality scores and let e be a vector of exogenous sources of status
or information. The equation of i’s centrality score is as follows:

xi = α (w1ix1 + w2ix2 + . . . + wnixn) + ei (3)

where wij measures i contributes to j’s status, and the parameter
α reflects the relative importance of endogenous versus exogenous
factors in the determination of centrality.

However, problems emerged in the application of Equation 3 in
ITN-Fish. (I) There is a single relation between a pair of nodes in
Equation 3, while a pair of countries often have dual trade relations
(i → jandj → i). (II) The imbalance in fish trade (Figures 3F–
G) implies a given country’s different import and export trade
statuses. A solution to the problems is to measure the import and
export centralities separately. Being chosen by a popular importer
indicates a higher status for the exporter; similarly, establishing a
trade relationship with a famous exporter will raise the status of
the importer. Therefore, the endogenous component of xini (xouti )
is a linear function of other nodes’ export (import) status. Letting
strength (S) reflect the exogenous status and setting α = 1,
Equation 3 is replaced by new equations:

xini =
(

w1→ix
out
1 + w2→ix

out
2 + . . . + wn→ix

out
n

)

+ Sini (4.1)

xouti =
(

wi→1x
in
1 + wi→2x

in
2 + . . . + wi→nx

in
n

)

+ Souti (4.2)

where weight (w) measures the contribution of other nodes to the
given node’s status. As we set α = 1 in Equations 4.1 and 4.2,
the relative importance of endogenous versus exogenous factors
mainly depends on the quantitative relationship between S and w

(Bonacich and Lloyd, 2001).

2.2.4. Density
The density of a network is equal to the proportion of links

present in the network. Equations 5.1 and 5.2 apply to undirected
and directed networks, respectively.

d =
2
∑

i ki

N(N − 1)
(5)

dd =

∑

i k
in
i

N(N − 1)
, (

∑

i

kini =
∑

i

kouti ) (6)

2.2.5. Stability
The network stability which reflects the relative overlap

between two states is quantified by the auto-correlation function
(Palla et al., 2007):

Sta (t1, t2) =

∣

∣A(t1) ∩ A(t2)
∣

∣

∣

∣A(t1) ∪ A(t2)
∣

∣

(7)

where
∣

∣A(t1) ∩ A(t2)
∣

∣ is the number of common links in t1 and t2,
and

∣

∣A(t1) ∪ A(t2)
∣

∣ is the union of A(t1) and A(t2). The measure of
stability is extended to weighted properties:

Staw (t1, t2) =

∑

i

∣

∣min(wi(t1),wi(t2))
∣

∣

∑

i

∣

∣max(wi(t1),wi(t2))
∣

∣

(8)

where
∣

∣min(wi(t1),wi(t2))
∣

∣ is the overlap of a given link’s weight
in t1 and t2, and

∣

∣max(Ai(t1),Ai(t2))
∣

∣ is the union of wi(t1)
and wi(t2). In this study, base period stability (t1 = t0 =

1990, 2000, 2010; t2 = t > t0) and adjacent stability (t1 =

tt−1; t2 = t) are both measured over the years.

2.2.6. Small world
Small-world networks are interposed between regular and

random graphs, showing high clustering and low average path
length (Watts and Strogatz, 1998; Fornito et al., 2016b). In a small-
world network, most nodes are not neighbors of one another but
can be connected by a small number of links. We introduce this
property together with the clustering coefficient and average path
length, both necessary for calculating the property (Neal, 2017),
to quantify the network structure characteristics defined by the
existence and strength of trade relationships between countries. In
this part, these bilateral relations are represented by the aggregate
of bilateral trade flows. Thus, ITN-Fish is converted to undirected
networks, and the directed links between a pair of nodes are merged
into an undirected edge (i → j and j → i ⇒ i − j), where the
direction is ignored while the weight is aggregated (wij = wi→j +

wj→ i).

2.2.6.1. Clustering

The clustering coefficient quantifies the abundance of
connected triangles in a network (Masuda et al., 2018). For an
unweighted network, the local clustering coefficient of node i is
defined by:

Ci =
2ti

ki(ki − 1)
(9)

where ti is the number of connected triangles including node i, and
ki(ki−1)

2 is the number of triangles that can be formed by i and its
neighbors. The global clustering coefficient is the average of Ci over
all nodes,

C =
1

N

∑

i

Ci =
1

N

∑

i

2ti
ki(ki − 1)

(10)

For the weighted network, the local clustering coefficient,
proposed by Saramäki et al. (2005), is written as

Cw
i =

2

ki(ki − 1)

∑

j,h

(

ŵijŵjhŵhi

)1/3 (11)

where ŵij = wij/max(w). The corresponding global clustering
coefficient, denoted by Cw, is given by the average of Cw

i over
all nodes.

Frontiers in Sustainable FoodSystems 04 frontiersin.org

https://doi.org/10.3389/fsufs.2023.1134687
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Liu et al. 10.3389/fsufs.2023.1134687

2.2.6.2. Shortest path

The shortest path between two nodes is one in which the sum
of the lengths of its constituent edges is minimized (Fornito et al.,
2016b). For example, in unweighted networks, the distance between
a pair of connected nodes equals one, so the path length is the
number of edges in the shortest path (Watts and Strogatz, 1998).
Moreover, the average path length is as follows:

L =
2

n(n− 1)

∑

i,j

Lij (12)

The distance between a pair of connected nodes is a function
of the edge weight in weighted networks. Therefore, for networks
like ITN-Fish with wij ∈ (0, 1) and negative correlation between
distance and weight (i.e., the more significant the trade flow, the
closer relationship), we can map weights to distances (Goñi et al.,
2014):

Lwij = − lgwij (13)

The corresponding average path length, denoted by Lw is given
by the average of Lwij over all pairs of nodes.

2.2.6.3. Small-world index

The small world is quantified by comparing the clustering and
path length values in ITN-Fish to comparable values computed,
respectively, appropriately randomized control networks and
lattice networks. A small-world index, ω, proposed by Telesford
et al. (2011), is defined as:

ω =
Lrand

L
−

C

Clatt
(14)

where L and C are the average path length and average clustering
coefficient of ITN-Fish. Lrand is the path length averaged across an
equivalent random network; and Clatt is the clustering coefficient
averaged over an equivalent lattice network. The ω index ranges
between−1 and 1. Values near zero indicate small-world networks,
positive values suggest more random characteristics, and negative
values indicate a lattice-like structure (Telesford et al., 2011; Fornito
et al., 2016c,d; Neal, 2017).

3. Results

3.1. Network construction

The total value of reconstructed bilateral trade flows matched
the corresponding total imports in FishstatJ (Figure 1B). At the
same time, the number of nodes in ITN-Fish was consistently
higher than the numbers of reporters in the UN Comtrade and
traders recorded in FAO FishstatJ (Figure 1A), which indicated that
ITN-Fish was able to identify economies involved in fish trade that
did not report trade data to the UNSD or FAO. The number of
nodes in ITN-Fish had fluctuated over the years, as some countries
had merged or dissolved, and some entered or exited the fish trade.
The number increased from 193 in 1990 to 227 in 2000, mainly

due to the dissolution of the former Soviet Union and the Southern
African Customs Union, and has remained around that value since
2000 (Figure 1A).

Figure 2 shows the trend in ITN-Fish of developing countries
(including other developing countries, ODC and least developed
countries, LDC) and developed countries (DC) in 1990, 2000, 2010,
and 2018. Developing countries (ODCandLDC) have increased
their share of fish trade from 43% to 52% of global export
value and from 10% to 31% of import value from 1990 to
2018 (see Supplementary material). The share of trade within
“other developing countries” (ODC→ ODC) has increased and
it is in the range of 13%−18%, while the share of trade within
developed countries (DC→ DC) has decreased and it is in
the range of 15%−37%. Moreover, in terms of trade shares,
developed countries have expanded their exports to developing
countries, while developing countries have contracted their exports
to developed countries (Figure 2).

3.2. Node degree, strength, and centrality

Figure 3 shows the network nodes’ static properties in 2018
and the dynamic properties from 1990 to 2018. Nodes with
higher kin generally had higher kout (Figure 3A). Average in-degree
〈

kin
〉

, out-degree
〈

kout
〉

, and undirected-degree
〈

k
〉

were increasing
(Figure 3B), implying that participants in the fish trade had been
actively establishing trade connections with more traders during
1990–2018. The probability of finding a more significant degree
decayed exponentially (Figure 3C), which indicates that most nodes
had low degrees and a small number of edges were connected to
them. In contrast, the few nodes with higher degrees were the hubs
of ITN-Fish. In 2018, the λ of in-degree distribution was higher
than that of out-degree distribution (Figure 3A). The λ of in-degree
remained stable, while the λ of out-degree showed a decreasing
trend, indicating the heterogeneity in the distribution of fish export
channels diminishing from 1990 to 2018.

In-strength and out-strength distributions approximate a
lognormal (Figure 3D). The lognormal distribution of out-strength
was left skewed, and the negative skewness was decreased.
In contrast, the skewness of in-strength lognormal distribution
fluctuated around zero. The concentration of exports remained
stable, with the top five exporters accounting for about 30% of
total exports and the top 10 accounting for approximately 50%; the
concentration of imports was declining but still higher than that of
exports (Figure 3E). An important reason for the decline of import
concentration is the dispersion of import share. In other words,
the share of major importing countries tends to decline. Exporting
countries are exporting aquatic products to more countries, rather
than concentrating on the original major importing countries, such
as the US, Japan, and Spain, which indicates the expansion of trade
relations. However, this decentralized imagination has not yet been
reflected in exports, and export concentration has remained stable.

Figure 3F shows the in, out, and net strength of the top 50
nodes sorted by tot-strength in 2018. The US was the largest fish
trader, the largest importer, and the largest net importer; China
(CHN), the largest exporter and third largest importer, had almost
equal imports and exports in 2018, after becoming a net exporter
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FIGURE 1

The validation of reconstructed bilateral trade flows. (A) Comparison of the total values of reconstructed bilateral trade flows with the values of total

fish imports and exports from FAO’s Fishstat database. (B) Comparison of the numbers of traders, importers, and exporters identified by ITN-Fish with

the numbers of traders recorded in the Fishstat database and reporters recorded in the UN Comtrade database.

in 1990, 2000, and 2010 (Figure 2); Japan was the second largest
importer and the second largest net importer in 2018; and Norway
was the second largest exporter and the largest net exporter in
2018. Among the major players in the fish trade, only a few have
almost balanced fish trade (imports equal exports), such as China,
Netherlands (NLD), Denmark (DNK), and Poland (POL), yet fish
trade was unbalanced in most economies.

In 2018, the gap as a share of total trade (TNR) was 49%,
a percentage that had declined since 2000 (Figure 3G); while the
average of each trader’s gap as a share of their respective total trade
(ANR) had remained∼65%. Since TNR is a weighted form of ANR
and major traders hold most of the trade weights, that is, a few
countries have most of the trade value, while most countries have
only a small amount of trade value. Based on this, we can infer that
the fish trade imbalance of small traders is higher than that of large
traders. In addition, the imbalance of large traders is decreasing.

Additionally, both in- and out-degree distributions showed
extended tails, so exponentially truncated power-law degree
distributions could characterize the degree distributions more
precisely (Achard and Bullmore, 2007; Fornito et al., 2016a).
However, as fewer nodes are in the tails, the corresponding
functions were not fitted in this study.

Figures 3H, I show the in-centrality and out-centrality of the
top five nodes ranked by the mean of in-centrality and out-
centrality during 2010–2018, respectively, as well as their ranking
in 1990, 2000, 2010, and 2018 (see Supplementary material for the
centrality and ranking of all nodes in each year). In terms of in-
centrality, the US and Japan had been in the top two positions;
while China’s in-centrality had proliferated and jumped to the third.
As for out-centrality, China and Norway had been in the top two
positions since 2005; Vietnam’s out-centrality had grown rapidly
and had jumped to the third position.

3.3. Density and stability

The directed and undirected densities of ITN-Fish were
increasing (Figure 4A), indicating that the connectivity of the
network had been improved. The increasing densities also

indicated that traders were actively establishing new trade relations,
consistent with the trend reflected in the average degrees
(Figure 3B).

The evolution of the network was moderate and continuous.
Although only 18% of links and 29% of weights overlapped in the
1990 and 2018 networks (Figure 4B), 62–74% of links and 78–86%
of weights overlap in two adjacent years (i.e., 26–38% of links and
14–22% of weights changed each year) (Figure 4C). Furthermore,
in the weighted or unweighted network, the stability of ITN-Fish
was improving, in other words, the variability of the network was
slowing down.

3.4. Shortest path, clustering coe�cient,
and small-world index

Due to the number of nodes in the network caused by the
dissolution of the former Soviet Union, the path length increased
in the initial years. Then, it showed a decreasing trend, especially
the unweighted path length, which had declined steadily since
1993 (Figure 4D). In 2018, the unweighted path length was 1.75,
meaning that any two fish traders, on average, needed only 1.75
steps (or 0.75 extra traders as mediator) to be connected. Moreover,
the mediators were always the hubs (Fornito et al., 2016a), such
as the US and China, that had connections with most traders
(Figure 3A) and were at the center of the network (Figures 3H, I).

The network was highly clustered. The unweighted clustering
coefficient decreased during 1990–2000. It had increased since 2000
(Figure 4E). But even at the lowest point in 2000, the coefficient
was as high as 0.73, i.e., there was a 73% probability that was also
a trade relation between any two trade partners of a trader. The
trend of the weighted clustering coefficients was not stable and
differed from that of the unweighted in some periods (Figure 4E).
For example, during 1993–1998, the weighted increased while
the unweighted was stable, and during 2004–2016, the weighted
increased and then decreased, with a peak in 2009, while the
unweighted slowly increased.

The small-world index was close to zero, so ITN-Fish was
a small-world network. The index increased in 1990–2000 and
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FIGURE 2

Maps of ITN-Fish for 1990, 2000, 2010, and 2018. (Left) All nodes are displayed on the maps, while only edges with weights greater than 0.0001 are

displayed. The size of the nodes is proportional to the tot-strengths; the thickness of the edges is proportional to their weights. The nodes are

colored according to the percentage of the net-strength to the tot-strength. The color of the edges is consistent with the color of the exporters. See

Supplementary Table S1, for the country associated with each acronym. (Right) Trade flows among developed countries (DC), other developing

countries (ODC), and least developed countries (LDC).

decreased in 2004–2018 (Figure 4F). But the shift in the index
trends did not imply a reversal of fish globalization.

In 1990, the network was highly clustered, i.e., there was a high
probability that there was also a trade relationship between any two
trade partners of a trader. Despite the sparse links between traders,
and hubs, such as the US and Japan, they still allowed the network
to achieve connectivity, with an unweighted path length of only
1.87. Thus, the small-world index, derived from the unweighted
clustering coefficient and the unweighted path length, was close to

zero, implying trade groups’ presence (Palla et al., 2007). Within
these groups, nodes and groups were connected through hubs,
forming a small-world network.

During 1990–2000, the network density was increasing, and
path length was decreasing, while the clustering coefficient was
decreasing, i.e., the newly established trade relations made it less
likely that two trade partners of a trader also had a trade relation.
This indicated that these new relations were established between
nodes from different trading groups rather than within the original
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FIGURE 3

Network node properties. (A) Scattered plot of out-degree versus in-degree for the year 2018, with the orange dashed line as the asymptote and the

black dashed line as the diagonal. (B) Dynamics of average in-, out-, and undirected degrees. (C) Complementary cumulative in- and out-degree

distributions for 2018, with dashed lines as the asymptotes; and λ of exponential distributions of time (inset). (D) In- and out-strength distributions for

2018; and skewness of lognormal distributions of time (inset). (E) The sums of in- (out-) strengths of 5 and 10 largest importers (exporters), e.g., the

shares of the 5 and 10 largest importers (exporters) in total fish trade value. (F) The in-, out-, and net-strength of the top 50 traders in tot-strength in

2018. (G) Dynamics of average net-strength ratio (ANR) and total net-strength ratio (TNR). (H, I) In- (out-) centrality dynamics of the top five central

importers (exporters) in the 2010’s over the period 1990–2018.
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FIGURE 4

Network structure dynamics of ITN-Fish in 1990–2018. (A) Directed and undirected network densities. Weighted and unweighted (B) base period

stability (base year t0 = 1990, 2000, 2010), (C) adjacent stability, (D) shortest path length, (E) clustering coe�cient, and (F) small-world index.

groups. As a result, the small-world index increased, and the
network showed some random characteristics in this period.

During 2004–2018, the continuously increasing density and
decreasing path length indicated higher connectivity, while the
clustering coefficient and small-world index shifted to increase,
which indicated that most of the new relations were established
within the groups. In the previous period, nodes within the
original group had been connected and then were connected
to out-group nodes, which led to a decrease in the clustering
coefficient. Therefore, in this period, the groups were merging, as
the out-group nodes were connected to more nodes within the
original groups and were integrated into the groups, which led
to an increase in the clustering coefficient and decreasing small-
world index.

Therefore, from a network topology perspective, the
globalization of fish trade thrived during 1990–2018, and the
globalization process was characterized by different patterns
in periods 1990–2000 and 2004–2018, with 2001–2003 as a
transition period.

4. Discussion

Trade is crucial to the development of the global fisheries and
aquaculture industry. Based on the constructed international trade
network of fish and fisheries products, this study explored the
trend of international fish trade from the perspectives of the overall
situation of the international trade network, the development mode
of trade among countries or territories, and the evolution of the

trade network structure, and provides the scientific basis for the
future development path of fish trade.

4.1. The number of countries involved in
ITN-Fish

The international trade network constructed in this study, ITN-
Fish, contains more traders than those reported in FAO and UN
trade data. That is, ITN-Fish identifies those economies that do not
report trade data at FAO and the United Nations, and the problem
of missing fish and fisheries product trade data in the study of
Gephart and Pace is improved (Gephart and Pace, 2015). To sum
up, most countries and territories in the world are involved in the
fish trade. The number of traders participating in the international
trade network has been relatively stable in recent years. In 2018,
ITN-Fish identified 229 traders and trade links increased.

4.2. Trade flows of countries involved in
ITN-Fish

In terms of import influence, since 2010, the US, Japan, China,
Spain, and France have been imported trade hubs, and China’s
import centrality has been rapidly increasing. In terms of export
influence, China, Norway, Thailand, the US, and Vietnam are
export trade hubs, and the export centrality of China and Vietnam
has increased rapidly. In general, the proportion of imports and
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exports of developing countries in the corresponding global share
continues to rise. The above research results are consistent with the
following published research. Yamao’s 2006 research results show
that Japan, the European Union, the US, and East Asia are the
four major consumer markets in the global fish market (Yamao,
2006). In the study published by Gephart and Pace in 2015, the
global ocean trade network from 1994 to 2012 was constructed, and
the results showed that the trade influence of developing countries
increased (Gephart and Pace, 2015). The observed changes in
international trade flows may be the combined effect of increased
production and reprocessing capacity (Natale et al., 2015). Taking
China as an example, China increasingly absorbs imported fish and
fish products from all over the world, some of which are consumed
domestically and some are reprocessed for export (Zhang, 2014),
which has driven neighboring countries to develop a large number
of fish and fisheries products for export (Wilkinson and Rocha,
2009; Golub and Varma, 2014) and trade enhancement.

4.3. The trade structure of ITN-Fish

During the period 1990–2000, the network density increased,
the path length between countries decreased, indicating that new
trade links were established between countries, and the clustering
coefficient of the network decreased, indicating that this connection
crossed the boundaries within the group. From 2004 to 2018,
new trade links were also established between the countries. The
difference is that the external links of the group are gradually
integrated into the internal links, and the various groups tend
to integrate—the transformation of the development model—in
the process of globalization mentioned above. The global fish
trade helps consumers access natural resources across borders
(Berkes et al., 2006). Based on the import, export, and net strength
results of our study, fish trade is likely to be more balanced in
most economies, with smaller traders more unbalanced than large
traders. Further to the findings of Gephart et al. (2016) countries
with lower per capita GDP are vulnerable to external shocks from
the global fish trade network. Thus, the process of globalization
eliminates imbalances and promotes sustainable development.

4.4. Globalization of fish and fisheries
products

Comprehensive node and network structure evolution, this
study shows that ITN-Fish is becoming increasingly tight, and the
globalization of trade in fish and fisheries products will continue.
Based on this, research on food security issues and sustainable
development of aquatic products should be based on a global
rather than a local perspective (Oosterveer and Sonnenfeld, 2012).
Taking economically underdeveloped countries as an example, the
contradictions mainly focus on export-oriented fishing behavior
for economic benefits, which brings about domestic protein supply
risks. The decline of fisheries in Ghana andWest Africa stems from
this (Atta-Mills et al., 2004). In addition, external turbulent factors
such as trade disputes will affect a more expansive area through
the international trade network (Maggi and Staiger, 2018; Wessells

andWallström, 2019). Considering this, aquatic product trade may
need to incorporate a broader socio-environmental perspective.

5. Conclusion

Globalization is still an irreversible trend in fishery production
and aquatic products trade. Based on the relatively stable number
of traders during the study period (1990–2018), the global fish
trade network showed a trend of increasing network density by
establishing new trade relations. Therefore, aquatic product trade
participants should actively embrace globalization, encourage the
establishment of more trade relations, improve the stability of the
trade structure, and resist various risks affecting the trade security
of aquatic products. In addition, the aquatic products trade of
developing countries is playing an increasingly important role in
the world, and its proportion in the export volume has increased
significantly. As a dual-center country for the import and export of
aquatic products, China should continue to integrate into the global
fisheries division and firmly support the globalization of the aquatic
products trade.
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