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Introduction: Trade plays a pivotal role in maintaining global grain security. However, 
the grain trade network (GTN) within Regional Comprehensive Economic Partnership 
(RCEP) member countries remains unclear. Analyzing grain flow characteristics 
and the agreement’s potential impacts are essential to fostering resilient economic 
and trade cooperation within the world’s largest free trade area.

Methods: This study constructed a trade network analysis framework incorporating 
complex network topology, competition intensity, interdependence intensity, and 
robustness. It examined the grain trade patterns and coopetition relationships 
from 2000 to 2020. Building on this, the study created the “Five Forces” model to 
analyze evolutionary mechanisms in the GTN and explored the potential impacts 
of trade agreements through trade diversion and creation effects.

Results: (1) The GTN has grown increasingly complex and interconnected, with 
key nodes exhibiting trends toward homogenization. By 2020, Australia, Viet Nam, 
Myanmar, Thailand, and Cambodia collectively accounted for 95.70% of total 
exports, emerging as major grain exporters in the GTN. (2) The GTN exhibits high 
competition and low interdependence. Populous countries with constrained arable 
land resources, such as China, Philippines, Malaysia, South Korea, and Indonesia, 
face intense import competition. Concerns over external supply security have led 
to diversified trade behaviors among member countries, fostering a trade pattern 
characterized by low interdependence (87.23%). (3) The robustness of the GTN 
has significantly improved due to the complexity of network structures and the 
homogenization of key node positions. Countries such as Thailand and Australia, 
with high Betweenness centrality values, play crucial roles in maintaining stability. 
Meanwhile, Viet Nam and China, as major import–export countries, are exerting 
growing influence in the GTN. (4) The evolution of the GTN is shaped by the 
interactive effects of five key forces: resource endowments, domestic demand, 
economic conditions, geopolitical relations, and important events. Differentiated 
tariff reduction commitments and reduced non-tariff measures are expected to 
generate trade diversion and creation effects. Such policy measures may reallocate 
intra-regional trade flows and expand trade volumes while intensifying import 
competition.

Discussion: From a complex network perspective, this study provides valuable policy 
insights for RCEP member countries to leverage their strengths and participate 
more effectively in agricultural trade.
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1 Introduction

Grain trade has remained a focal point of sustained attention 
across various sectors (Chen and Zhang, 2022). Recently, the rise of 
unilateralism and backlash against globalization have introduced 
significant uncertainties to global trade (Gong et al., 2022). Influenced 
by factors such as health crises (Alabi and Ngwenyama, 2023), 
regional conflicts (Liu L. et al., 2023; Liu H. et al., 2023), and trade 
policy changes (Yang et al., 2022), the vulnerability of grain trade 
systems has become increasingly evident (Zhang et  al., 2021a,b), 
impacting the achievement of the global Zero Hunger goal (SDG 2) 
by 2030 (FAO, 2023).

In the context of rising anti-globalization sentiments, participating 
in regional trade agreements has become one of the key strategies for 
countries to address risks in grain trade (Zhang and Gong, 2022). 
Existing research has shown that trade agreements such as Association 
of Southeast Asian Nations (ASEAN), North American Free Trade 
Agreement (NAFTA), and Transatlantic Trade and Investment 
Partnership (TTIP) have facilitated the integration of regional 
agricultural markets, contributing to the agricultural development of 
member countries (Greenville and Kawasaki, 2018; Zahniser et al., 
2015; Bureau et al., 2014). The world’s largest free trade agreement, the 
Regional Comprehensive Economic Partnership (RCEP), was signed 
in 2020. The member countries of RCEP represent a significant global 
population aggregation district (24.64% of the world’s population) and 
a major grain production area (27.17% of global grain production) in 
2022. Agricultural trade is one of the key traditional areas of 
cooperation among RCEP member countries. The agreement includes 
provisions for agricultural trade, such as tariff reduction, rules of 
origin, trade facilitation, negative list, and trade remedy, with the 
overarching goal of maximizing trade liberalization and facilitation 
within the region (Zuo et al., 2024).

The Customs Unions Issue argues that trade agreements lead to 
trade diversion and trade creation effects, with agricultural products 
subject to higher tariff rates being more sensitive to these impacts 
(Viner, 2014; Hoekman and Nicita, 2011). Currently, scholars have 
conducted extensive research on trade promotion effects of RCEP 
provisions from a commodity trade perspective (Wei, 2024; Zainuddin 
et  al., 2020). However, studies on grain trade tend to focus on 
unilateral or bilateral relations based on value quantity, with limited 
research exploring the overall intra-regional trade pattern. On one 
hand, scholars have analyzed the bilateral grain flow characteristics 
among RCEP member countries, such as examining trade structures 
with between China and other countries (Chen and Wang, 2021). On 
the other hand, there are studies discussing the post-signing impacts 
of the agreement on individual countries, such as analyzing each 
country’s involvement in agricultural value chains (Cui et al., 2025) 
and forecasting the potential rice export markets for Vietnam 
(Chakradhar and Thao, 2024). However, there remains a lack of 
research on multilateral trade relations, and the potential impact of 
RCEP on the overall grain trade pattern remains an area with 
considerable room for exploration.

Investigating the complex characteristics of grain flows among 
RCEP member countries is a fundamental prerequisite for 
analyzing the potential impact of RCEP on regional GTN. Complex 
network analysis methods provide a solid foundation for 
addressing this issue. Currently, there is relatively abundant 
research based on complex network methods from the “cooperation 

relationship” perspective (Liu L. et al., 2023; Liu H. et al., 2023), 
exploring global trade patterns in different food types (Duan et al., 
2022; Sun et al., 2018; Burkholz and Schweitzer, 2019; Zhang et al., 
2022). However, research on trade from the “competition 
relationship” perspective remains mostly focused on energy 
(Zhang et al., 2014; Chen et al., 2016) and key minerals (Zhu et al., 
2023; Li et  al., 2022). Research indicates that, within the 
increasingly complex global trade network, trade relations between 
countries exhibit both interdependence and competition, and trade 
networks dominated by core countries are gradually evolving into 
a “robust but fragile” structure (Puma et al., 2015). That is, when 
major exporting countries restrict exports, it is more likely to 
trigger supply disruptions and exacerbate competition risks for 
importing countries. For grain, which is also a strategic resource, 
existing studies mostly analyze global trade patterns from a 
cooperation perspective based on trade value quantity (Wang and 
Dai, 2021). In the field of regional grain trade, research is mostly 
limited to areas such as the Belt and Road (Miao et al., 2024; Zhang 
et al., 2021a,b), the European Union (Bojnec and Fertő, 2009), and 
the China-Pakistan free trade agreement (Khan et al., 2024), while 
there is relatively limited attention to the grain trade network 
within RCEP, the world’s largest free trade area. Therefore, 
considering the unique role of regional grain trade in ensuring 
global grain security, it is necessary to reveal the structural 
characteristics, coopetition relationships, robustness, and 
evolutionary mechanisms of the RCEP regional trade network, 
serving as a basis for exploring the potential impacts of RCEP.

In summary, there are still the following gaps in the research 
on the grain trade pattern among RCEP member countries: (1) 
Due to the limited time since RCEP’s implementation, the 
coopetition relationships and robustness of the GTN among 
member countries have not been fully explored. Specifically, how 
competition within the GTN is shaped by similar geographical 
environments remains unclear; (2) Due to the relatively small 
number of member countries, traditional quantitative methods 
used to reveal the evolutionary mechanisms of complex networks 
have shown limited effectiveness, and further investigation is 
needed to effectively uncover the evolutionary mechanisms of the 
GTN within the world’s largest free trade area; (3) The impact of 
tariff and non-tariff barrier reductions under RCEP on the 
cooperation and competition of the GTN still requires 
further exploration.

Therefore, this study approaches the issue from the perspective 
of multilateral trade relations, focusing on major grains (rice, wheat, 
and maize), and attempts to answer the following questions: (1) 
What are the characteristics of the GTN among RCEP member 
countries and their competition and interdependence from the 
perspective of physical quantity? (2) What are the evolutionary 
mechanisms of the GTN? (3) What are the potential impacts of 
RCEP on the GTN? To address these questions, this study applies 
complex network method, constructing the GTN among RCEP 
member countries based on FAO trade matrix data from 2000 to 
2020, revealing the evolution characteristics of the grain trade 
pattern. On this basis, competition intensity index and 
interdependence index are introduced to clarify the coopetition 
relationships between countries, and the network’s robustness is 
simulated and analyzed. Furthermore, this study creates the “Five 
Forces” model to analyze the evolutionary mechanisms of the 
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GTN. Finally, the potential impacts of RCEP on reshaping the GTN 
are explored based on trade diversion and creation effects. This study 
aims to clarify the grain trade pattern within the region before the 
agreement was signed, thereby firmly establishing a baseline for 
measuring the direction and magnitude of subsequent changes. It 
aims to provide a theoretical perspective and practical basis for 
promoting regional grain trade cooperation and ensuring the 
security of the regional trade network.

2 Data and methodology

2.1 Data source and processing

The RCEP member countries include the ASEAN countries 
(Brunei, Cambodia, Indonesia, Laos, Malaysia, Philippines, Singapore, 
Thailand, Myanmar, and Viet Nam) along with China, Japan, South 
Korea, Australia, and New Zealand, totaling 15 countries. This study 
focuses on three key grains: rice, wheat, and maize. The trade data is 
derived from the FAOSTAT Detailed Trade Matrix dataset (http://
faostat.fao.org, accessed 10 January 2024), while grain import/export 
volumes and production data are obtained from the FAO Food 
Balance Sheets. The analysis covers the period from 2000 to 2020. 
Notably, for Brunei, Cambodia, Myanmar, Laos, and Viet Nam, 
certain years have missing import data; in these cases, export volumes 
from other countries to these countries were used as 
Supplementary data. Additionally, trade data for China excludes Hong 
Kong, Macau, and Taiwan. As shown in Figure 1, this study constructs 
the GTN based on import volume data and analyzes the trade network 
structure, coopetition relationships, and network robustness of RCEP 
member countries using Gephi, Python, and MATLAB. Furthermore, 

the “Five Forces” model is created to uncover the evolutionary 
mechanisms of the network. Finally, the potential impacts of RCEP 
are evaluated based on trade diversion and creation effects.

2.2 Research methods

2.2.1 Complex network analysis
According to graph theory, the RCEP member countries GTN is 

defined as follows:

 ( ), , , ,N V L W W T′=  (1)

In the formula (1), V represents the set of all nodes (i.e., 
countries), L is the set of all edges (i.e., the trade links between 
two countries), W and W′ represent the function sets of all node 
attributes (i.e., the number of trade links each country possesses) 
and all edge attributes (i.e., the total trade volume between two 
countries), respectively. T denotes the set of years for each trade 
network. In this context, RCEP member countries are treated as 
nodes, trade relationships between countries are treated as edges, 
and the grain trade volume (t) is the weight of the edges 
(Wasserman and Faust, 1994).

Based on the construction of the trade network, the following 
indicators are used for network feature analysis (Table 1).

2.2.2 Competition intensity index
Due to differences in import volumes and import structures, 

the competition intensity between grain-importing countries 
varies. Therefore, drawing on the competition intensity index 

FIGURE 1

Research framework for the RCEP member countries GTN.
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proposed by Glick and Rose (1999) and Zhang et al. (2014), this 
study measures the competitive level between countries. The 
formula is as follows:

 

( ) ( )
( ) ( )

| / / |
1 100

/ /

  −+  = × − ×    +     
∑ ic i jc jic jc

ij
w ic i jc jc

M M M MM M
S
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(2)

In the formula (2), ijS  represents the trade competition 
intensity between grain-importing countries iv  and jv . icM  and 

jcM  represent the grain trade volumes imported by countries iv  
and jv  from the common importing source c, respectively. iM  and 

jM  represent the total grain imports of countries iv  and jv , while 
wM  denotes the total regional grain imports. The larger the value 

of ijS , the greater the import competition intensity between 

grain-importing countries iv  and jv , indicating more intense 
competition. Due to the widespread nature of grain trade, import 
competition exists between nearly all countries. As supported by 
existing studies (Wang and Fan, 2023), this study sets a threshold 
of 0.1. If ijS ≥0.1, the competition intensity between grain-
importing countries iv  and jv  is maintained as ijS , indicating the 
presence of import competition with intensity ijS . If ijS <0.1 then 

ijS =0, indicating no import competition between countries 
iv  and jv .

2.2.3 Interdependence intensity index
The interdependence index can be  used to characterize the 

interdependence relationship between countries in grain trade. Drawing 
on the Grubel-Lloyd index (Grubel and Lloyd, 1975), the formula for 
constructing the interdependence index of grain trade is as follows:

TABLE 1 The RCEP member countries GTN analysis method and its geographical significance.

Indicator Formula Definition Geographic significance
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It refers to the number of nodes that 

have direct connections with node Ki, 
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It reflects the level of activity in inter-country 

trade. Generally, the higher the degree value, 

the more foreign trade connections a country 

has
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It refers to the total weight of 

connections between a node and all the 

nodes it is linked to, categorized 

weighted indegree and weighted 

outdegree

It represents the volume of imports and 

weighted outdegree represents the volume of 

exports

Density (d)
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It refers to the ratio between the actual 

existing connections and all possible 

connections that could exist

It reflects the degree of closeness of 

connections within the network. A higher 

density indicates stronger connections between 

trade countries
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N
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It refers to the likelihood of a connection 

existing between nodes, with values 

ranging from 0 to 1

The larger the value, the better the connectivity 

between trade countries
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It refers to the average number of steps 

in the shortest paths between all 

potential pairs of nodes that could 

be connected in the network

The smaller the value, the higher the trade 

efficiency
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1
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n
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It refers to the indicator that measures 

the intermediary bridging role of a node 

within the entire network

The larger the value, the higher the country’s 

overall importance
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It refers to the extent to which a node 

can quickly reach or be reached by all 

other nodes in the network

The larger the value, the greater the country’s 

ability to operate independently in the trade 

network

PageRank (PR) ( ) ( )

i
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It refers to a measure of a node’s 

importance based on the significance of 

the nodes to which it is directly 

connected

The larger the value, the higher the country’s 

local importance
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It refers to the extent to which a node is 

pointed to by multiple Hubs nodes

The larger the value, the higher the Authority 

of the node
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It refers to the extent to which a node 

points to multiple Authority nodes

The larger the value, the higher the Hubs of the 

node
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In the formula (3), i jRE →  and i jRI →  represent the grain export 
volume of country i to country j and the grain import volume of 
country i from country j, respectively. The value of ijRaGL  represents 
the grain trade interdependence index between countries i and j. The 
larger the value of ijRaGL , the stronger the interdependence in grain 
trade between the two countries. When ijRaGL ≥0.5, it indicates a high 
level of interdependence. When 0.2< ijRaGL <0.5, it indicates a 
medium level of interdependence. When ijRaGL ≤0.2, it indicates a 
low level of interdependence. When ijRaGL =0, it indicates a 
one-way dependence.

2.2.4 Robustness
Robustness refers to the ability of a network to maintain its 

structure and function, either fully or partially, after nodes or edges 
are subjected to external attacks. When assessing the vulnerability 
of the trade network, network efficiency (E) is a good indicator of 
the network’s topological performance, particularly the 
connectivity between nodes and overall efficiency. It is widely used 
in evaluating the network’s robustness (Crucitti et  al., 2003). 
Network efficiency is defined as the average of the reciprocal of the 
distances between all pairs of nodes in the network. The formula is 
as follows:

 ( )
1 1

1 ij
E

n n d
= ∑

−  
(4)

In the specific evaluation, the objects of simulated attacks are 
typically nodes and edges. The attack methods are generally divided 
into random attacks and targeted attacks. Random attacks generate 
random sequences using MATLAB to attack nodes or edges 
sequentially, calculating the new trade network efficiency by the 
formula (4) until there are no remaining nodes or edges in the 
network. Since countries with large trade volumes or important 
positions inevitably impact the trade network once they implement 
import–export control measures, targeted attacks are also considered. 
Referring to existing studies (Karakoc and Konar, 2021; Gutiérrez-
Moya et al., 2021), targeted attacks on nodes are conducted based on 
five indicators: Degree, Betweenness centrality, Closeness centrality, 
Hubs, and Authority. Targeted attacks on edges are conducted by the 
weight of the edges. These nodes or edges are sequentially removed 
according to their indicator values. The updated trade network is then 
obtained, and its network efficiency is recalculated until all nodes or 
edges are removed. The robustness of the trade network is analyzed 
based on the changes in network efficiency.

2.2.5 “Five forces” model
Existing studies have explored the evolution mechanisms of trade 

network from natural, economic, political, policy, and cultural 
perspectives (Nie et al., 2021). Building on these studies, this research 
incorporates the geographical attributes and development 
characteristics of RCEP member countries and comprehensively 
considers factors such as resource endowments, domestic demand, 
economic conditions, geopolitical relations, and important events to 

analyze their impact on this regional trade network. Accordingly, 
we create the “Five Forces” model, which is defined as follows:

 (1) Resource endowment: Within the region, there is significant 
heterogeneity in arable land endowment, which is closely 
linked to domestic grain supply capacity. The region includes 
countries with abundant arable land, such as China and 
Australia, as well as those with relatively scarce land resources, 
such as South Korea and Japan. Additionally, differences in 
cropping patterns and yield levels vary across countries. 
According to the Factor Endowment Theory, disparities in 
resource availability serve as a key driving force behind 
international trade. Therefore, it is necessary to explore the 
relationship between domestic supply capacity and trade links 
from the perspective of arable land resource endowment. 
We define this driving force as the “potential difference force” 
in the evolution of the GTN.

 (2) Domestic demand: Population size differences serve as a 
fundamental factor driving variations in grain demand. The 
RCEP region includes populous countries such as China, 
Indonesia, and Japan, each with a population exceeding 100 
million, as well as countries like Australia, which have 
abundant arable land but relatively small populations. These 
disparities in population size lead to differences in domestic 
demand, where shifts in population size drive changes in 
demand, subsequently influencing import volumes. This 
dynamic acts as the “reconstructing force” in the evolution of 
the GTN.

 (3) Economic conditions: Changes in economic development 
levels are a key driver of shifts in grain demand. The RCEP 
region includes rapidly developing countries such as China and 
Viet Nam, where economic growth has led to rising demand 
for animal-based food products, thereby increasing grain 
consumption and import demand. This dynamic serves as the 
“propelling force” in the evolution of the GTN.

 (4) Geopolitical relations: RCEP member countries are naturally 
proximate, and under the influence of the First Law of 
Geography, the cost advantages of trade serve as the initial 
“traction force” in the formation of the trade network. 
Additionally, this region represents a geostrategic intersection 
of great powers, where geopolitical competition among major 
nations shapes interregional relations and further provides 
traction for the evolution of the GTN.

 (5) Important events: The impact of important events on trade 
networks has been widely recognized. Therefore, it is essential 
to analyze how both intra-regional and extra-regional events 
influence the evolution of the trade network. This influence is 
referred to as the “disturbing force” in the evolution of 
the GTN.

3 Results

3.1 Topology characteristics of the trade 
network

The RCEP member countries GTN has become increasingly 
complex, with closer ties between countries. From 2000 to 2020, the 
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number of network edges increased from 94 to 144, representing a rise 
of 53.20%, which indicates a significant growth in network complexity. 
The network density increased from 0.448 to 0.686, representing a 
53.13% growth, while the average path length decreased from 1.582 
to 1.270, reflecting a 19.72% reduction. During the study period, trade 
cooperation within the China-ASEAN Free Trade Area and the 
Greater Mekong Sub region deepened progressively, fostering a more 
integrated trade network and a more diversified range of 
trade partners.

The dominance of major countries in the GTN is significant, but 
the dominance effect has decreased (Table 2). Regarding weighted 
indegree (Figure 2 and Supplementary Figure S1), in 2000, South 
Korea, Indonesia, Malaysia, Japan, and Philippines ranked among the 
top five, collectively contributing 88.90% of total imports. South Korea 
alone accounted for 37.05%, with imports reaching 7.71 × 106 tons. By 
2010, the combined import proportion of the top five countries had 
declined to 72.02%. By 2020, China, Philippines, Thailand, South 
Korea, and Malaysia emerged as the top five countries in terms of 
weighted indegree, with their combined import proportion reaching 
71.42% and consistently remaining above 70%.

Regarding weighted outdegree, in 2000, China, Australia, 
Thailand, Viet Nam, and Myanmar ranked among the top five, 
collectively accounting for 99.46% of total exports. By 2010, the 
combined export proportion of the top five countries had slightly 
declined. By 2020, Australia, Viet Nam, Myanmar, Thailand, and 
Cambodia held the highest weighted outdegree, with their combined 
export proportion reaching 95.70%.

Countries with overall importance and local importance are 
primarily major grain exporters, and the role of core trade nodes has 

become increasingly homogenized. From an overall importance 
perspective (Supplementary Figure S2A), in 2000, Thailand, Indonesia, 
Australia, Singapore, and Malaysia exhibited the highest Betweenness 
centrality. By 2010, Japan and China had entered the top five. In 2020, 
Thailand’s rank fell to fourth, Australia rose to first, and Viet Nam, 
China, and Japan secured positions in the top five. The Betweenness 
centrality values of the top five countries exhibited a stepwise decline, 
reflecting a trend toward homogenization of trade roles among 
countries with significant overall influence. From a local importance 
perspective (Supplementary Figure S2B), in 2000, Indonesia, Malaysia, 
Australia, Singapore, and Thailand achieved the highest PageRank 
scores. By 2010, Australia had surged to first place. In 2020, Singapore, 
Australia, Malaysia, Philippines, and Viet Nam ranked among the top 
five. Known as the “Crossroads of the East,” Singapore has leveraged 
its port advantages to become the most influential player among 
neighboring countries. Australia, Viet Nam, and Thailand, as major 
exporting countries, occupy significant positions in the trade network.

3.2 Competition relationships among RCEP 
member countries

From 2000 to 2020, the scale of grain trade among RCEP member 
countries expanded substantially, accompanied by a rise in the number 
of competition relationships in trade. The overall competition intensity 
increased, but the growth rate was moderate. The evolution of 
competition intensity can be  categorized into three stages 
(Supplementary Figure S3): (1) From 2000 to 2007, competition 
intensity in grain trade fluctuated, remaining near its initial level. (2) 

TABLE 2 Characteristics of the RCEP member countries GTN core node.

Year Rank ISO3 Indegree Weighted 
indegree 

(103 t)

Proportions 
of weighted 
indegree (%)

ISO3 Outdegree Weighted 
outdegree 

(103 t)

Proportions 
of weighted 
outdegree 

(%)

2000 1 KOR 5 7710.38 37.05 CHN 12 10912.58 52.43

2 IDN 11 4565.44 21.94 AUS 12 7088.90 34.06

3 MYS 9 3387.13 16.28 THA 14 1402.80 6.74

4 JPN 6 1671.72 8.03 VNM 9 1251.97 6.02

5 PHL 7 1173.40 5.64 MMR 4 43.90 0.21

Total / / 20811.84 88.93 / / 20811.84 99.46

2010 1 IDN 10 3984.37 25.90 AUS 12 9245.38 60.09

2 PHL 8 2362.79 15.36 VNM 9 2978.34 19.36

3 VNM 8 1635.80 10.63 THA 14 2345.42 15.25

4 MYS 11 1626.68 10.57 CHN 11 266.75 1.73

5 JPN 8 1469.76 9.55 KHM 6 231.11 1.50

Total / / 1538.48 72.02 / / 15384.82 97.93

2020 1 CHN 10 3798.80 23.84 AUS 13 6727.75 42.21

2 PHL 11 3067.89 19.25 VNM 14 3770.42 23.66

3 THA 10 1937.38 12.16 MMR 12 2975.58 18.67

4 KOR 8 1409.95 8.85 THA 14 1250.98 7.85

5 MYS 11 1168.83 7.33 KHM 10 527.71 3.31

Total / / 15936.94 71.42 / / 15936.94 95.70
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From 2008 to 2012, competition intensity in grain trade steadily rose, 
peaking at 750.19 in 2014, representing a 52.14% increase compared to 
the early stage. (3) From 2013 to 2020, competition intensity in grain 
trade fluctuated before gradually declining. With member countries 
diversifying their trade partners, competition intensity eased. It began 
to decline gradually in 2017, reaching 515.45 in 2020, which approached 
the competitive level observed at the beginning of the period. Overall, 
competition intensity rose by 2.70% over the study period.

The main competition is concentrated among a few major 
importers, and the cumulative distribution of competition intensity 
among RCEP member countries follows the “key minority rule” 
(Figure  3). Using 70% cumulative competition intensity as the 
standard, 70% of the competition intensity in intra-regional grain 
trade comes from 15 to 30% of the competition relationships. This 
indicates that intense competition mainly occurs between a small 
number of major grain importers, while most countries experience 
relatively low levels of competition. This suggests that the competition 
intensity among member countries is unevenly distributed, with the 
majority concentrated in a few competition relationships.

From the perspective of single country competition (Figure 4A 
and Supplementary Table S1), the top five countries in terms of 
competition intensity shifted from South Korea > Indonesia > 
Malaysia > Japan > Thailand in 2000 to China > Philippines > Malaysia 
> South Korea > Indonesia in 2020. In terms of competition intensity 
as a percentage (Figure  4B), South Korea’s competition intensity 
initially declined and then increased, with its proportion of total 
competition intensity dropping from 19 to 10%. Indonesia’s 
competition intensity remained stable initially before decreasing, with 
its proportion falling from 17 to 10%. Malaysia and Viet Nam 
maintained competition intensity proportion between 9–15% and 
7–11%, respectively. Japan and Thailand’s competition intensity 
remained relatively stable, with proportion of 8 and 6% in 2020, 
respectively. Thailand’s competition intensity consistently remained 
low, with its proportion falling to 6%. China’s competition intensity 
proportion steadily increased, rising from 4 to 17%, making it the 
leader. The proportion of other RCEP member countries in grain 
trade competition increased overall, rising from 23 to 32%.

From the perspective of inter-country competition (Table 3), in 
2000, the top ten grain competition intensities primarily involved 
Indonesia, South Korea, Malaysia, and other ASEAN countries. By 
2010, a pattern emerged where Indonesia and China became the 
primary competitors with other countries, signifying a notable shift in 
the main competition relationships. By 2020, competition between 
China and ASEAN countries dominated the top ten 
competition relationships.

3.3 Interdependence relationships among 
RCEP member countries

From 2000 to 2020, the number of interdependence relationships 
among countries increased steadily, from 66 pairs to 94 pairs, 
representing a 42.42% growth and resulting in a more complex and 
interconnected interdependence pattern (Supplementary Figure S4). 
From the perspective of interdependence differentiation (Table 4), the 
proportion of high and medium interdependence relationships declined 
from 15.15 to 12.77%, while low interdependence relationships rose 
from 84.85 to 87.23%. Low interdependence relationships dominate, 
with the proportion of high and medium interdependence relationships 

FIGURE 2

Grain trade flow of the RCEP member countries. Note: Countries are ranked by the total trade volumes and plotted clockwise in descending order. The 
size of the out bar indicates the total trade volumes (unit: 103t).

FIGURE 3

Cumulative distribution of the competition intensity between RCEP 
member countries.
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steadily declining, remaining relatively stable between Thailand-Laos, 
Cambodia-Viet Nam, and Malaysia-Indonesia. This reflects the low 
interdependence in grain trade among RCEP member countries, 

highlighting the diversification of trade behavior in choosing grain 
import sources. Coupled with the increasing competition intensity 
within the region, this trend illustrates a decentralization of cooperation 

FIGURE 4

The changes of RCEP member countries competition intensity. (A) Rank. (B) Regional proportion.

TABLE 3 Top ten country pairs ranked by competition intensity.

Rank 2000 2010 2020

1 MYS-KOR IDN-VNM CHN-MYS

2 KOR-THA IDN-KOR CHN-PHL

3 IDN-KOR IDN-JPN MYS-PHL

4 IDN-MYS IDN-CHN CHN-THA

5 IDN-JPN IDN-NZL CHN-SGP

6 PHL-KOR IDN-MYS CHN-IDN

7 KOR-VNM IDN-MMR KHM-PHL

8 IDN-PHL IDN-THA IDN-KOR

9 IDN-VNM JPN-VNM JPN-KOR

10 IDN-THA IDN-KHM CHN-KOR

TABLE 4 Grain trade interdependence of RCEP member countries.

Interdependence 
level

2000 2010 2020

Relations Number 
(Proportion)

Relations Number 
(Proportion)

Relations Number 
(Proportion)

High (0.50–1.00)

CHN-NZL, CHN-

THA, KHM-SGP, 

VNM-THA, MYS-

SGP, MYS-IDN

6 (9.09%)

KHM-VNM, 

MMR-THA, KOR-

NZL, KOR-JPN, 

SGP-IDN, KOR-

KHM, KOR-IDN

7 (9.72%)

KHM-VNM, JPN-

VNM，JPN-NZL, 

THA-LAO, MYS-

IDN, THA-VNM

6 (6.38)

Middle (0.20–0.50)

JPN-SGP, JPN-IDN, 

THA-LAO, THA-

AUS

4 (6.06%)

THA-AUS, THA-

LAO, KHM-AUS, 

SGP-MYS

4 (5.56%)

THA-AUS, JPN-

MMR, MYS-PHL, 

KHM-AUS, LAO-

VNM, KOR-NZL

6 (6.38%)

Low (0.00–0.20)

MYS-NZL, IDN-

PHL, MMR-SGP, 

IDN-THA, MMR-

AUS, etc.

56 (84.85%)

CHN-VNM, JPN-

MYS, KHM-SGP, 

JPN-NZL, IDN-

PHL, etc.

61 (84.72%)

VNM-AUS, THA-

KHM, SGP-PHL, 

CHN-JPN, CHN-

THA, etc.

82 (87.23%)
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and a rise in competition, indicating that competition relationships 
outweigh cooperative ones. This can be  attributed to the fact that 
although member countries exhibit diversified trade behaviors, their 
import volumes remain highly concentrated among the region’s major 
grain-exporting countries. These exporting countries maintain 
dominant positions in weighted outdegree and have limited import 
volumes, resulting in significant imbalances in trade scales among 
countries. This highlights a “high competition, low interdependence” 
competitive-cooperative dynamic.

3.4 Robustness of the trade network

Results of random node attacks (Figure 5) reveal that in 2000, the 
GTN completely collapsed (network efficiency dropped to 0%) when 
86.67% of the nodes were attacked. By 2010 and 2020, the percentage 
of nodes required to be attacked for the network to fully collapse 
increased to 93.33%. Targeted attacks results demonstrate that the 
decline in network efficiency occurs more rapidly compared to 
random attacks. However, the ranking of indicators influencing the 
rate of efficiency decline has remained relatively consistent over the 
years. As trade relations have grown closer, under targeted attacks, the 
percentage of nodes required to cause the network’s complete collapse 
rose from 66.67 to 86.67%. The slope of the network efficiency decline 

curve has gradually aligned with that of the random attack scenario, 
exhibiting an overall roughly uniform downward trend. In 2020, the 
centrality measures ranked as follows: Betweenness centrality > 
Degree > Hubs > Closeness centrality > Authority > Random attacks. 
This indicates that countries with high Betweenness centrality, such as 
Thailand and Australia, serve as key nodes in the GTN. Overall, the 
current robustness of the GTN under targeted attacks closely 
resembles that under random attacks. Diversified trade behaviors have 
partially enhanced the network’s robustness, strengthening its capacity 
to withstand shocks.

Results of random edge attacks (Figure 6) indicate that in 2000, 
2010, and 2020, the proportion of edges attacked that reduced the 
network efficiency to below 1% were 96.00, 97.33, and 98.11%, 
respectively. Under targeted attacks, the proportion of edges attacked 
that reduced the network efficiency to below 1% were 40.89, 49.78, 
and 63.11%, respectively. The proportion of attacked edges required 
to collapse the GTN reflects an upward trend, suggesting that the 
growing tightness of trade connections enhances the network’s 
robustness against potential disruption risks.

Table 5 presents the results of targeted attacks on single countries, 
revealing that during the study period, the impact of member 
countries on network efficiency has become increasingly similar, while 
the influence of core countries still varies significantly. Currently, Viet 
Nam, China, Thailand, and Australia exert the highest influence on 

FIGURE 5

The change curve of the RCEP member countries GTN efficiency under node attack.

FIGURE 6

The change curve of the RCEP member countries GTN efficiency under edge attack.
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overall network efficiency, with each surpassing 15%. Viet Nam and 
China, as major importers and exporters, have become increasingly 
critical to the entire GTN. Despite its declining influence, Thailand 
remains one of the most important countries in the GTN. This finding 
further underscores the critical role of countries with high 
Betweenness centrality in maintaining the stable operation of 
the GTN.

3.5 Evolutionary mechanisms of the trade 
network

3.5.1 Resource endowments
Resource endowments serve as the “potential difference force” 

driving the evolution of the RCEP member countries GTN. This is 
mainly reflected in differences among countries in cropland area per 
capita and grains production, which influence their roles in the trade 
network. In physics, potential difference force refers to the force that 
drives an object from a region of higher potential energy to one of 
lower potential energy due to a potential energy gradient (Kellogg, 
1953). According to Factor Endowment Theory, “potential difference” 
in economics essentially reflects differences in factor endowments 
among countries. Variations in resource endowments across countries 
influence grain production scale and domestic supply levels, creating 
a resource potential difference. During the study period, countries 
with limited arable land per capita, including South Korea, Japan, and 
Malaysia, struggle to meet domestic grain demand. As a result, these 
countries consistently ranked high in weighted indegree, with high 
competition intensity. Conversely, countries with abundant arable 
land per capita, such as Australia and Thailand, are major players in 
the global grain export market. They rank high in weighted out-degree 
but experience relatively low import competition intensity. At the 
same time, differences in resource potential drive varying patterns of 

resource flows between countries, leading to different types of 
interdependence. When the disparity in grain production is 
significant, one-way dependence emerges. For example, in 2020, 
Cambodia, which had the highest per capita grain production, 
exhibited a one-way dependency relationship with South Korea and 
Singapore, which ranked the lowest. In contrast, when countries have 
similar per capita grain production levels, they tend to develop a high 
level of interdependence. This is evident in the relationships between 
Thailand-Laos, as well as Thailand-Viet Nam.

3.5.2 Domestic demand
Domestic demand serves as the “reconstructing force” driving the 

evolution of the RCEP member countries GTN. This is mainly 
reflected in how changes in population size and per capita 
consumption demand influence the scale of grain imports, 
reconstructing the GTN. According to Demand and Supply Theory, 
when domestic grain consumption demand exceeds domestic supply, 
it drives an increase in grain imports. In the short term, a significant 
rise in grain imports by a single country can lead to noticeable changes 
in the GTN, with China being the most typical example. Between 2000 
and 2020, China’s annual per capita grain consumption rose from 
282.15 kg to 441.75 kg, a 56.56% increase, transitioning from an 
export powerhouse to a net grain importer. Similar populous countries 
include Indonesia and Philippines. The reliance of these countries on 
grain imports has rapidly increased, reconstructing the grain trade 
pattern and intensifying competition among major importers. For 
example, the import competition intensity between China and 
Philippines ranked 10th and 6th, respectively, in 2000, and rose to 1st 
and 2nd by 2020.

3.5.3 Economic conditions
Economic conditions serve as the “propelling force” driving the 

evolution of the RCEP member countries GTN. This influence is 

TABLE 5 The changes in the network efficiency of the RCEP member countries GTN under deliberate attacks on a single country.

2000 2010 2020

BC rank ISO3 Reduction 
rate (%)

BC rank ISO3 Reduction rate 
(%)

BC rank ISO3 Reduction 
rate (%)

1 THA 24.63 5 SGP 17.50 2 VNM 15.31

3 AUS 16.53 1 THA 16.63 3 CHN 15.01

2 IDN 15.95 2 AUS 15.70 4 THA 15.01

4 SGP 15.60 3 JPN 15.07 1 AUS 15.01

6 CHN 15.25 7 IDN 14.65 6 MYS 14.42

5 MYS 14.78 4 CHN 14.54 5 JPN 14.13

9 VNM 14.68 6 MYS 14.33 9 MMR 14.13

10 JPN 13.97 9 VNM 13.93 7 IDN 13.84

8 NZL 13.50 8 KOR 13.61 11 PHL 13.24

7 PHL 13.27 10 PHL 12.78 8 KOR 13.24

12 MMR 11.99 11 KHM 12.46 12 KHM 13.24

11 KOR 11.76 12 MMR 12.16 10 SGP 12.85

13 KHM 11.35 13 NZL 11.95 13 NZL 12.37

13 LAO 9.36 14 LAO 9.71 14 LAO 11.38

13 BRN 6.28 14 BRN 9.10 15 BRN 6.76

BC rank refers to the ranking of countries based on their Betweenness centrality.
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primarily reflected in income levels, foreign exchange reserves, and 
price levels. These factors collectively contribute to the rise in per 
capita grain demand, thereby driving the increase in total grain 
demand. According to Bennett’s Law, the consumption of animal-
based foods increases with higher income levels (Bennett, 1941), 
which in turn drives the demand for feed grain and triggers a rise in 
grain imports. Additionally, foreign exchange reserves serve as a 
crucial foundation for supporting grain imports. For example, in 
China, from 2000 to 2020, per capita disposable income surged 5.98 
times, while foreign exchange reserves increased 18.43 times. As a 
result, feed grain consumption increased by 1.2 times, and import 
volume surged 10.28 times. Similarly, international grain prices 
significantly shape grain imports and exports. For instance, during the 
low-price period of 2016, China’s imports increased by 32.83% 
compared to the previous year. In contrast, Australia’s exports 
decreased by 34.66%, triggering structural changes in the 
GTN. During the same period, China and Indonesia experienced 
rapid economic and population growth. With the rising demand for 
grain imports, competition for grain imports has become 
increasingly intense.

3.5.4 Geopolitical relations
Geopolitical relations serve as the “traction force” driving the 

evolution of the RCEP member countries GTN. This impact is 
primarily reflected in the “traction” created by political relations, 
geo-economic linkages, and geographical distance. These factors not 
only foster the formation of trade relationships but also potentially 
intensify regional competition in grain imports. On the one hand, the 
First Law of Geography suggests that countries geographically close 
to each other are more likely to engage in trade interactions. On the 
other hand, economic cooperation policies effectively lower regional 
grain trade barriers and promote trade facilitation (Hayakawa and 
Kimura, 2015). Owing to the closer geographical distance, RCEP 
member countries demonstrate high trade intensity, reflected in a 
network density of 0.686  in 2020—far exceeding the global GTN 
density (0.141) of the same period (Nie et al., 2021). Following China’s 
accession to the WTO and the signing of the “China-ASEAN 
Comprehensive Economic Cooperation Framework Agreement,” 
intra-regional trade connections rapidly increased, strengthening the 
network’s robustness. In addition, geographic proximity and tariff 
changes resulting from joining trade organizations further highlight 
the advantage of lower grain transportation costs within RCEP. This 
advantage not only drives the tightening of the regional trade network 
but also intensifies import competition among countries, such as those 
with high import competition intensity, which are often neighboring 
countries (e.g., China-Philippines, Indonesia-Malaysia, 
Malaysia-Philippines).

3.5.5 Important events
Important events serve as the “disturbing force” driving the 

evolution of the RCEP member countries GTN. These disruptions 
heighten trade uncertainty, compel adjustments in trade partners, and 
propel the evolution of the GTN. According to System Resilience 
Theory, external shocks prompt adaptive adjustments in complex 
systems. In the realm of resource flows, significant events can disrupt 
existing grain trade relationships between countries. For example, the 
2008 global financial crisis led to soaring grain prices, causing some 
countries to struggle with the high costs of grain (Headey, 2011). As a 

result, total intra-regional trade volume dropped to its lowest point, 
and the average path length of the network increased. At the same 
time, some countries enacted export restrictions or outright bans to 
protect domestic grain supply, reducing trade fluidity and increasing 
dependence on fewer sources, thereby intensifying overall import 
competition. On the other hand, to reduce the risk of reliance on a 
single country, member countries often seek new or additional trade 
partners. This will strengthen the network’s robustness. For instance, 
despite the grain export restrictions during the COVID-19 pandemic 
in 2019 (Laborde et  al., 2020), the network’s robustness against 
targeted attack improved. Due to the diversification of import sources, 
trade volumes remained stable or even increased, while overall 
competition intensity slightly decreased. This highlights the pivotal 
role of important events in driving the evolution of the GTN.

The above content explains the impact mechanisms of the “five 
forces” on the evolution of the GTN from the perspective of individual 
factors. In fact, as shown in Figure 7, the interaction between the “five 
forces” varies, with their primary roles differing during different stages 
of trade network evolution.

In the early stages of trade network formation, disparities in 
resource endowments played a pivotal role in shaping regional trade 
relationships. For instance, in 2000, countries with abundant arable 
land resources, such as Australia and Thailand, established strong 
trade ties with countries like South Korea, which faced land resource 
constraints. This dominant influence continued throughout the 
evolution of the network. On the basis of the initially established trade 
patterns, the heterogeneity of countries within the region—especially 
regarding economic development and changes in domestic demand—
collectively fueled the evolution of the trade network. For example, 
China’s rapid economic growth prompted significant shifts in food 
consumption patterns and demand, resulting in increased reliance on 
external grain imports. Notably, this growing dependency on grain 
imports from RCEP member countries has driven the evolution of the 
trade network and intensified competition between China and other 
major grain importers.

Undoubtedly, the low-cost trade effect driven by geographic 
proximity has continued to play a crucial role in maintaining the 
stability of the network structure, contributing to its robust 
characteristics. The influence of geopolitical relations and important 
events on trade network structure changes has been widely 
acknowledged. For example, the signing of “China-ASEAN 
Comprehensive Economic Cooperation Framework” significantly 
facilitated the tightening of trade network, while the 2008 global 
financial crisis disrupted grain trade relations within the region, 
leading to a decline in network density. Following the global financial 
crisis, the diversification of trade partners among member countries 
somewhat enhanced the robustness of the network. Despite 
disruptions caused by the COVID-19 pandemic, the trade network 
has maintained a relatively stable structure. Looking ahead, the 
signing of RCEP is expected to influence the future evolution of the 
GTN in a significant way.

4 Potential impacts of RCEP signing 
on the trade network

The RCEP provisions on agricultural trade encompass tariff 
reductions, rules of origin, investment facilitation, negative list, 
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and trade remedy. These measures are expected to generate trade 
diversion and creation effects, reshaping existing grain trade 
patterns (Xu et  al., 2025). Therefore, this study analyzes the 
potential impact of RCEP on the GTN based on two key provisions: 

tariff reduction and non-tariff measures reduction. On this basis, 
it identifies the conduction path through which these provisions 
influence the trade network (Figure  8) and explores the 
differentiated effects of RCEP.

FIGURE 7

Evolutionary mechanisms of the RCEP member countries GTN.

FIGURE 8

Conduction path of the potential impacts of RCEP signing on the GTN.
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4.1 Tariff reduction

Against the backdrop of widespread tariff reductions, grain 
trade within the RCEP region will grow increasingly 
interconnected, with import sources gravitating toward RCEP 
member countries. As imports become more concentrated, intra-
regional competition is expected to intensify. According to RCEP 
Schedule of Tariff Commitments, the region’s grain tariff 
reduction policies fall into four categories based on benchmark 
rates (Table 6): (1) No tariff reduction commitments (e.g., South 
Korea, China, Malaysia, and Indonesia, maintaining rates of 
110.33, 50.00, 13.33, and 10.00%, respectively). (2) Gradual tariff 
reductions (e.g., Laos reducing tariffs from 5 to 1.67% over 
21 years). (3) Immediate tariff exemptions (e.g., Viet Nam, 
Thailand, and Philippines eliminating tariffs outright). (4) Zero-
tariff maintenance (e.g., The tariff levels of Australia, Japan, 
Singapore, New Zealand, Myanmar, Cambodia, and Brunei have 
consistently remained at 0.00%).

The reduction or elimination of grain tariffs will substantially 
lower trade costs, thereby stimulating trade among member 
countries (Wei, 2024; Liu and Wang, 2024). As a result, grain 
imports previously sourced from non-RCEP countries are likely 
to shift toward major intra-regional producers offering 
comparative advantages, such as lower tariffs and shorter 
transportation distances. This shift is expected to expand the scale 
and density of intra-regional grain trade, reduce external trade 
volumes, and increase interdependence, thereby homogenizing 
the network. As grain import sources concentrate in major 
exporting countries, competition among importers will intensify.

Meanwhile, the export destinations of major grain-exporting 
countries may undergo a partial redistribution of trade flows due 
to some countries maintaining their existing grain tariff levels 
(Huang and Li, 2024). Some countries, such as South Korea, 
China, Malaysia, and Indonesia, have retained their current grain 
tariff levels to safeguard national grain security. These countries 
have neither reduced tariffs nor eased market access thresholds 
and have no tariff reduction plans for the next 20 years. 
Consequently, grain trade volumes previously destined for these 
countries may be  redistributed within the region, potentially 
altering the roles of key grain importers.

4.2 Non-tariff measures reduction

The reduction of non-tariff measures in the grain trade among 
RCEP member countries will encourage the formation of new trade 
links. The impact of non-tariff measures on grain trade is characterized 
by mixed effects. While ensuring product quality, non-tariff measures 
inevitably increase compliance costs, leading to a reduction in the 
export supply of producing countries (Wickrama et  al., 2024). 
Hoekman and Nicita (2011) highlights that a 10% increase in 
non-tariff measures could lead to an average trade volume decline of 
1.7%. Nevertheless, the reduction of non-tariff measures within RCEP 
has undeniably fostered a more efficient and integrated regional 
market. It has significantly reduced potential barriers, enhanced trade 
efficiency, and highlighted the comparative advantages of grains 
among member countries (Ratna and Huang, 2016).

For example, in the context of trade facilitation, some less-
developed countries in the region incur high customs clearance costs. 
These measures are expected to significantly enhance the efficiency of 
grain clearance, reducing both fixed costs (e.g., passing health 
inspections, acquiring certificates, and meeting marketing 
requirements) and variable costs (e.g., delays caused by customs 
inspections) (Crivelli and Gröschl, 2016). This will promote trade 
among member countries by lowering costs and 
simplifying procedures.

4.3 Conduction path and unique effects of 
RCEP’s potential impact

The reduction of tariff and non-tariff measures (such as rules of 
origin, trade facilitation, negative list, and trade remedy) impacts the 
formation of trade links by influencing trade costs and compliance 
costs, leading to changes in the structure of the trade network. 
Specifically, the reduction of trade tariff within the region will lower 
grain trade costs, thereby highlighting the price competitiveness of 
grain. This, in turn, triggers the formation of new trade relationships 
and promotes the substitution of trade links between member 
countries for those between the region and non-member countries.

Compared to regional free trade agreements such as the 
CPTPP and ASEAN, RCEP has distinct advantages. On one hand, 

TABLE 6 RCEP Schedule of Tariff Commitments on grain.

Type ISO3 Base rate (%) Year 5 (%) Year 10 (%) Year 15 (%) Year 21 and 
subsequent years (%)

No tariff reduction 

commitments

KOR 110.33 110.33 110.33 110.33 110.33

CHN 50.00 50.00 50.00 50.00 50.00

MYS 13.33 13.33 13.33 13.33 13.33

IDN 10.00 10.00 10.00 10.00 10.00

Gradual tariff reductions LAO 5.00 3.33 2.33 1.67 1.67

Immediate tariff 

exemptions

VNM 1.67 0.00 0.00 0.00 0.00

THA 0.33 0.00 0.00 0.00 0.00

PHL 0.33 0.00 0.00 0.00 0.00

Zero-tariff maintenance AUS, JPN, SGP, NZL, MMR, KHM, BRN

This table is summarized from http://fta.mofcom.gov.cn/rcep/rcep_new.shtml (accessed 7 September 2024).
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it includes both China and Japan, making it the first bilateral free 
trade agreement between the two countries, which helps reduce 
the tariff levels on grain trade between China and Japan, 
significantly weakening trade barriers between them. On the 
other hand, RCEP enforces more open and unified rules of origin, 
with lower restrictions on origin certification standards, thereby 
reducing hidden barriers to a greater extent. Specifically, the 
more substantial reduction in tariffs and non-tariff measures 
under RCEP, compared to other agreements, will lead to price 
effects that further promote the tightening of the GTN within 
the region.

5 Conclusion and discussion

This study examines the dynamics of grain trade within the 
world’s largest free trade agreement zone. It investigates the 
characteristics of grain flow among RCEP member countries, 
explores the mechanisms driving the evolution of the GTN, and 
assesses the potential impacts of the agreement on the grain trade 
pattern. The main contributions are as follows: (1) This study 
characterizes the GTN among RCEP member countries from a 
trade network perspective for the first time, systematically 
uncovering its cooperation relationships as well as its robustness. 
(2) The “Five Forces” model is created to analyze the evolution 
mechanisms of complex networks, providing a multi-dimensional 
framework for understanding the RCEP member countries 
GTN. This model addresses the limitations of quantitative 
approaches in analyzing regional trade network evolution and 
offers methodological advancements for studying trade network 
with relatively small numbers of nodes. (3) The study adopts an 
innovative perspective, analyzing the potential impacts of RCEP 
on the GTN through the lenses of trade diversion and creation 
effects. The main findings include the following aspects.

 (1) Under the influence of multiple factors, the GTN among 
RCEP member countries has grown more complex and 
interconnected, with both the number of network edges 
and density increasing by over 50%. Australia, Viet Nam, 
Myanmar, Thailand, and Cambodia serve as the primary 
exporters in the region, contributing 95.70% of total 
exports, while China, Philippines, Thailand, South Korea, 
and Malaysia are the main importers, accounting for 
71.42% of total imports. Significant differences in trade 
scale persist among countries, and the network exhibits a 
typical major-country dominance effect, with grain-
exporting countries serving as key nodes. However, the 
Betweenness centrality of these key nodes has declined 
stepwise, signaling a trend toward greater homogeneity in 
the trade status of member countries. Compared to the 
global GTN (Wang and Dai, 2021), the geographically 
proximate, bloc-based free trade zone offers more favorable 
conditions for establishing trade connections (Chaney, 
2014). Currently, the network density and average 
clustering coefficient are 4.67 times and 1.36 times higher 
than global averages, respectively, while the average path 
length is only 63.44% of the global level (Figure 9). These 
findings indicate that the regional GTN is characterized by 
tighter trade links, shorter network distances, and higher 
transmission efficiency.

 (2) The grain trade within RCEP member countries exhibits a 
distinct “high competition” characteristic. During the study 
period, regional competition intensified, though the 
increase was only 2.70%. The primary competition in the 
regional grain trade is concentrated among a small number 
of major grain-importing countries, with 70% of 
competition intensity arising from competition 
relationships ranging between 15 and 30%. Due to 
variations in resource endowments and demand scale, 

FIGURE 9

Comparative analysis of GTN characteristics: Global and RCEP member countries.
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grain-importing countries with large populations and 
significant land constraints, such as China, Philippines, 
Malaysia, South Korea, and Indonesia, face greater 
competition intensity. Unlike the global grain trade (Wang 
and Fan, 2023), where competition is decelerating, grain 
import competition within the region continues to rise 
because member countries’ import sources are heavily 
concentrated among a few major exporting countries. 
Currently, the average competition intensity in regional 
grain trade is 2.08 times higher than the global level 
(Supplementary Figure S5), underscoring the high 
concentration of grain import sources within RCEP 
member countries.

 (3) Due to the immense trade scale imbalance implied by the 
dominance of large countries, grain trade cooperation 
among RCEP member countries exhibits a pronounced 
“low interdependence” characteristic. Growing concerns 
about external supply security have driven the 
diversification of trade behaviors among member countries, 
contributing to a more complex interdependence pattern. 
Throughout the study period, low-interdependence 
relationships consistently prevailed, with their proportion 
rising from 84.85 to 87.23%. Considering the competition 
intensity in regional grain trade, competition relationships 
among RCEP member countries outweigh cooperative ones.

 (4) With the increasing complexity of the GTN structure and 
the homogenization of trade positions among member 
countries, the robustness of the GTN has significantly 
improved. Currently, under both random and targeted 
attacks scenarios, 93.33 and 86.67% of nodes, respectively, 
must be attacked to cause a complete network collapse. 
The network efficiency decline curves are gradually 
aligning, presenting a near-uniform decline. Countries 
with higher Betweenness centrality, such as Thailand and 
Australia, are pivotal in maintaining the stability of the 
trade structure. Meanwhile, the influence of major trade 
countries, such as Viet Nam and China, has been steadily 
deepening. Compared to the global trade network of wheat 
(Ma et al., 2023), one of the three major primary grains, 
the homogenization of trade positions among RCEP 
member countries enhances the robustness of the regional 
GTN against disruptions. In the random attacks scenario, 
its robustness is comparable to the global level, with 
network collapse occurring when the node failure rate 
reaches 90%. However, in the targeted attacks scenario, its 
robustness far exceeds the global level. The global trade 
network collapses when the node failure rate reaches 40%, 
whereas the RCEP network remains intact under 
similar conditions.

 (5) The evolution of the GTN among RCEP member countries 
results from the combined influence of resource 
endowments, domestic demand, economic conditions, 
geopolitical relations, and important events. The increased 
trade connections driven by export powerhouses 
significantly contribute to the network’s complexity, the 
intensification of cooperation relationships, and enhanced 
trade network robustness. Following the agreement’s 
implementation, the differentiated tariff reduction 

commitments among member countries are expected to 
redistribute trade flows. Meanwhile, the reduction of 
non-tariff measures will enhance the efficiency of trade 
links, which is expected to generate trade diversion and 
creation effects. While the agreement strengthens intra-
regional trade links and boosts the scale of trade within the 
region, the intensity of import competition will further 
increase, thereby reshaping the grain trade pattern. The 
findings of the above study are also supported by simulation 
results from previously published research. Taking Viet 
Nam, a major grain exporter, as an example, on one hand, 
if import partners reduce their rice import tariffs by 1%, 
the per capita consumption of Vietnamese rice in those 
countries will increase by 0.01 USD, generating a trade 
creation effect. On the other hand, due to high tariff 
barriers set by the South Korean government to protect its 
domestic rice industry, South Korea is not an ideal 
destination for Vietnamese rice exports. This portion of the 
export volume will be  redistributed to other member 
countries that have committed to tariff reductions, 
generating a trade diversion effect (Chakradhar and Thao, 
2024). For China, a major grain importer, it is expected 
that, 10 years after the formal implementation of RCEP, rice 
imports from non-RCEP member countries will decrease 
by 5.65%, with some of the import volume shifting to 
within the region. Specifically, China’s rice imports from 
Australia are expected to increase the most (7.23%), and the 
import competition pressure within the region will also rise 
(Liu and Wang, 2024).

This study emphasizes the importance of effectively leveraging 
the RCEP agreement to address the “high competition, low 
interdependence” nature of grain trade relations among member 
countries. Transitioning from “highly competition relationships” 
to “strong cooperative relationships” is identified as a critical issue 
for ensuring the stable development of grain trade within the 
RCEP region. It is recommended that countries facing significant 
import competition pressure—such as China, Philippines, 
Malaysia, South Korea, and Indonesia—enhance agricultural 
production cooperation with countries in the Indo-China 
Peninsula. These countries, endowed with abundant arable land 
and favorable water and heat conditions, possess substantial 
potential for yield improvement. By supporting these high-
potential agricultural producers to capitalize on their resource 
endowment advantages, the region can increase its overall grain 
supply and mitigate the intense import competition within the 
member countries.

Undoubtedly, RCEP member countries have extensive trade 
interactions with non-member countries and also participate in 
multiple free trade agreements across the Asia-Pacific region and 
globally, which may result in the “Spaghetti bowl phenomenon” 
(Sorgho, 2016). Looking ahead, it is necessary to quantitatively 
analyze the trade network evolution mechanism of RCEP member 
countries from the perspective of an open system linking both 
intra-regional and extra-regional dynamics (Guo et al., 2023), 
and simulate the global economic effects of the agreement’s 
signing (Xu et al., 2025). On the other hand, the RCEP member 
region serves as a geostrategic intersection of great powers, and 
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geopolitical conflicts among these powers may impact the 
implementation process of the agreement. Assessing the potential 
supply risk in the regional GTN (Sun et al., 2022) and proposing 
response strategies is also an important avenue for future research.
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