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Abstract 

Ports form the backbone of the global economy. By combining a vast database of ship 

tracking data with bilateral trade data and input-output tables, we highlight the critical 

role of specific ports in global supply chains and economies. For some countries, we find 

that 43.5% of economic activity is dependent on trade going through a single port. The 

top ten global ports influence 9.3% of the global economy, of which the port of Shanghai 

alone embeds 1.7% of global output. Ports are even more critical in some sectors, such as 

the mining and quarrying sector, for which 82% of trade is transported by maritime 

transport. We estimate how changes in final demand will be routed through ports, 

revealing that for every US$1000 increase in final demand a country’s ports experience a 

US$18.3 increase in imports on average, and up to US$108 increase in low income 

countries and small islands.  
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Introduction 

Reliable port infrastructure is pivotal for the facilitation of international trade flows1,2. 

Nowadays, around 80% of global trade in terms of volume is transported by means of maritime 

transport3. Developments in inter-country and inter-industry trade flows are becoming 

increasingly global, extensive and complex4,5, relying ever more on maritime transport. 

Additionally, ports are becoming more embedded into these complex supply-chains through 

integrated logistics services that connect ports to their hinterland networks6,7. Future demand 

scenarios project a near tripling of maritime trade volume by 20508, thereby exceeding the 

current capacity of many port areas9, requiring large investments to ensure the continuous 

movements of goods.  

 

Recent research has examined the evolution of international trade and supply-chain 

interconnectivity4,5,10. This development is backed by advances in the provision of Multi-

Regional Input-Output (MRIO) tables that constitute the inter-, and intra-industry dependencies 

within countries and between countries11–14. Although MRIO tables provide extensive 

descriptive data on inter-, and intra-industry trade flows, at national and regional scales, it does 

not provide insights into the domestic and international transportation systems that are used for 

these trade flows. Nor does it precisely geolocate the locations of imports and exports of 

particular goods. Another strand of literature has analysed the network structure and evolution 

of maritime transport networks through a complexity science lens15–22. This research, however, 

focused solely on the shipping connections between ports, without incorporating information 

on the goods that are carried by maritime vessels and how these goods are used in the economy. 

Hence, to date, there is no globally consistent analysis of the use of maritime transport in 

international trade by country and sector. In addition, we lack a global-scale analysis of the  
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the port embeddedness in global trade, which we define as the criticality of a given port for 

supply chains and economic activity, domestically and internationally. Such spatially explicit 

supply-chain insight inform economic decisions23. For instance, information on the port 

embeddedness in trade and supply-chains could help better understand the geographical 

distribution of trade flows across supply-chains24,25, connect environmental footprints with 

commodity flows23,26, predict future port demand, in terms of volume and space required, as 

economies grow9, allocate maritime emissions (~2.6% global greenhouse gas emissions in 

2012) to countries and sectors27,28, and assess the potential supply-chain losses due to port 

disruptions29,30.   

 

In this study, we set out a complete methodology to provide a globally consistent assessment 

of the port embeddedness in maritime trade (1172 ports across 177 countries) and global supply-

chains (1132 ports across 157 countries). We establish the link between ports and the economy 

by estimating maritime trade flows between ports and by linking this trade network data to a 

global MRIO (Methods). To do so, we first estimate the freight modal split globally (i.e. the 

percentage trade in goods per transport mode) and use this to estimate the share of maritime 

trade in every bilateral trade flow at a commodity level (HS6).These estimates of bilateral trade 

flows are then linked to the global port network using a novel downscaling approach based on 

the Automatic Identification System (AIS) signals of vessels in combination with a trade 

estimation algorithm developed in previous research31. This allows us to create new insights 

into the geolocation of sector-level trade and core-periphery structures in the port-to-port trade 

network. To identify the domestic and global economic dependencies on trade flows through 

ports, we link the commodities that flow through ports to intermediate demand and final 

consumption using the EORA MRIO table13. Two metrics are constructed to capture these 

dependencies (1) the port-level output coefficient (PLOC) that captures to what extent industry 
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output is reduced (both domestically and globally) if a particular port is hypothetically extracted 

from the I-O table, and (2) the port-level import coefficient (PLIC) that measures the increase 

or decrease in port-level trade flows when demand changes in an economy, and. Throughout 

this paper, we will adopt an 11 sector classification system (Methods) corresponding to the 11 

economic sectors in the EORA MRIO (Supplementary Table 1). This analysis paves the way 

for a better understanding of the key links, dependencies and feedbacks between port and 

maritime infrastructure systems and the economy. 

 

 

Results 

Share of maritime transport in global trade 

The results of the global modal split (Methods) are included in Fig. 1, showing the percentage 

of maritime transport in total imports (Fig. 1a) and total exports (Fig. 1b). The mode of transport 

is defined as the dominant transport mode (longest distance) in the supplier-consumer 

connection, which explains why landlocked countries can still have a share (although small) of 

maritime transport (see Methods). In total, we estimate that 55.0% of bilateral trade in terms of 

value is maritime, although with large differences between sectors (Supplementary Fig. 1 and 

2). For instance, 83.5% of trade in mining and quarrying products (sector 3) is by means of 

maritime transport, whereas manufacturing of electrical products and machinery (sector 9) and 

manufacturing of transport equipment (sector 10) only transport 52.2% and 48.9%, 

respectively, of their trade using maritime transportation. Small island states and countries in 

Africa rely disproportionally on maritime transport for both imports and exports (Fig. 1a-b), 

whereas Middle-Eastern and South American rely more on maritime transport for their exports 

compared to their imports. European countries have a much lower share of maritime transport, 

mainly due to the large flows between European countries that use road, rail and inland 
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waterway transport to move goods over relatively short distances32,33. The countries with the 

highest share of maritime transport in their imports are the Marshall Islands (99.2%), Guinea 

(97.9%), Liberia (97.6%), Mauritania (97.5%) and Sierra Leone (97.5%), while the countries 

with the lowest shares are Laos (8.7%), Bhutan (9.7%), Andorra (11.5%), Austria (12.1%) and 

Switzerland (12.7%). For exports, countries with the highest shares of maritime trade are 

Equatorial Guinea (99.7%), Solomon Islands (99.5%), Trinidad and Tobago (99.4%), Algeria 

(99.1%) and Saint Vincent and the Grenadines (98.7%), whereas the lowest export shares are 

found for Mongolia (5.9%), Kyrgyzstan (10.3%), Bosnia and Herzegovina (10.3%), Laos 

(11.6%) and Serbia (12.7%). The dominance or absence of maritime transport for trade is 

mainly determined by the geographical location of trading partners (e.g. distance, island state), 

the presence of alternative (fast and cheaper) modes, the value to weight ratio of the 

commodities, and the income of the importing country (i.e. ability to afford air transport)34. For 

instance, low-income countries mainly export low value bulk goods, for which maritime 

transport is the only viable option, and relatively few high valued goods that are typically 

transported by aeroplane35. Even within the same continent, such as in Africa, maritime 

transport is often the only feasible mode of transport as the road infrastructure lacks the 

reliability and capacity for efficient trucking, and passing of border crossings are often time-

consuming36. Fig. 1c shows the share of maritime transport in total and sector-specific imports 

grouped by the income level of countries (using the World Bank classification). Low-income 

and lower-middle income countries import on average 1.6-1.7 times more by means of maritime 

transport compared to high income countries (79% versus 48%). The difference is largest for 

the manufacturing sectors (sector 9, 10 and 11) with low-income and lower-middle income 

countries having maritime shares 1.67-2.14 times and 1.48-1.77 times higher than high income 

countries, respectively. Therefore, the integration of low and lower-middle income countries 

into complex manufacturing supply-chains, which critically depend on just-in-time logistics 
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services7, could be hindered by their overreliance on maritime transport, which is considerably 

slower than air transport37,38.  

 

Distribution of trade flows per port 

Using a downscaling approach based on AIS data (Methods), we derived a port-to-port trade 

network, which distinguishes the origin and destination ports of trade per industry 

(Supplementary Fig. 3 and 4). Altogether, ports import and export 7.8 billion USD (based on 

2015 trade data), with the distribution of imports and exports shown in Fig. 2a-b. The top 5 

largest ports (top 20 ports highlighted in Fig. 2a) in terms of imports are Los Angeles-Long 

Beach (277 million USD), Hong Kong (193 million USD), New York-New Jersey (175 million 

USD), Shanghai (165 million USD) and Singapore (149 million USD). Large importing ports 

are located in North-America, Western Europe and Asia that serve the populated hinterlands. 

The top 5 exporting ports (top 20 ports highlighted in Fig. 2a) are Shanghai (442 million USD), 

Ningbo (353 million USD), Qingdao (197 million USD), Ulsan (175 million USD) and 

Hamburg (174 million USD). Large exports originate from industrial hubs such as 

petrochemicals in the Gulf of Mexico region (Houston), the German car manufacturing 

(Bremerhaven, Hamburg) and Asian manufacturing hubs (China, South-Korea, Vietnam and 

Taiwan).  

 

On a sector-level, maritime trade flows are highly concentrated in a relatively small number of 

ports that are either connected to important hinterland transport networks39, or closely located 

to large sector-specific industry clusters39. Fig. 2c shows the geographical location of the 50 

largest importing and exporting ports per sector, showing clear geographical clustering of trade 

flows. In particular, the exports of textiles and wearing apparel (sector 5) are highly clustered 

in India, Bangladesh, Thailand and China, while the manufacturing of electronics and 
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machinery (sector 9) is highly clustered in China, South-Korea, Vietnam and Taiwan. 

Agriculture trade has clear origin ports in the United States, Brazil and Argentina, serving ports 

in Europe and across Asia. Wood and paper manufacturing (sector 6) has large exporting ports 

in Scandinavia, Canada, Brazil and China, that export products to ports in the United Kingdom, 

Japan and the Middle-East.  The import and export hotspots of mining and quarrying (sector 3) 

and food and beverages (sector 4) are more spread across the globe, reflecting the export 

specialisation of different regions (e.g. oil in Middle-East, iron ore and coal in Australia, food 

products in Indonesia). 

This trade unevenness can be expressed as the percentage of ports (relative to the total number 

of 1172 ports) that handle 50% (90%) of trade (Supplementary Table 2). Exports are more 

concentrated than imports with 4.9% (28.9%) of ports versus 6.3% (34.1%) of the ports 

handling 50% (90%) of global maritime trade. Some industries are more concentrated than 

others. The largest unevenness is found for the exports of textiles and wearing apparel (sector 

5), manufacturing of electronics and machinery (sector 9) and other manufacturing (sector 11) 

with the 50% (90%) share of trade flows concentrated in 0.6% (7.7%), 1.2% (11.4%) and 0.5% 

(7.7%) ports, respectively. On the contrary, the lowest level of concentration is found for the 

imports of food and beverages (sector 4) with the concentration of trade in 5.5% (29.2%) ports, 

and petroleum, chemical and non-mineral products (sector 7) with 5.4% (29.1%) ports covering 

50% (90%) of maritime trade flows.  

 

Core-periphery structures 

The large unevenness in terms of trade flows suggest a hierarchical structure of trade within the 

port-to-port trade network. Previous research on country-to-country trade networks40,41 and 

maritime transport networks21,22 have shown that both networks have a clear core-periphery 

structure, in which core nodes (ports) are densely connected with each other, while periphery 
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nodes are mainly connected to core nodes but sparsely to other periphery nodes. Core-periphery 

structures within port and transport systems reflect the agglomeration and dispersion of the 

industries and markets they serve, with core regions demanding a diversified set of products 

while periphery regions house more specialised industries42–44. Moreover, ports are a driver of 

a core-periphery structure itself by lowering the transportation costs to access international 

markets45. In line with this, previous research has posed the hypothesis that core ports are more 

diversified, while periphery ports are more specialised43,44.  

 

We classified ports according to their degree of specialisation (using the normalised Gini 

coefficient of trade flows) and the coreness (based on a core-periphery detection algorithm) 

across industries (Methods and Supplementary Fig. 5), which help to explain the underlying 

structure of, and role of the port in, the maritime trade network. We find a negative correlation 

(Spearman rank correlation: -0.36) between the degree of specialisation and the coreness of 

ports, suggesting that core ports are more diversified, while periphery ports are more specialised 

(Fig. 3 ‘All’). China, the United States, United Kingdom, India and the Philippines have a clear 

core-periphery structure within their national port network with a small number of large 

diversified core ports alongside specialised peripherical ports (Fig. 3). However, other countries 

have a distinctly different pattern (Fig. 3). For instance, Japan has alongside their high coreness 

diversified ports (ports of Nagoya, Yokohama and Kobe) a number of highly specialised, large 

coreness, ports such as the ports of Mikawa, Kanda, Hiroshima (all important ports for vehicle 

manufacturing). Major exporting countries like Australia, Brazil and South Africa have their 

specialised exporting ports as the largest core ports. For Australia, the largest coreness is found 

for the ports of Port Hedland, Newcastle and Port Walcott, all exporting mainly iron ore or coal, 

followed by the port of Brisbane and Melbourne as diversified ports. For South Africa, the 

largest coreness port is the port of Richards Bay (largest coal exporting port of Africa) followed 
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by the diversified port of Durban, whereas Brazil has the large mining ports of Itaqui and Belem 

(iron ore exporting ports) as highest coreness ports alongside the diversified importing ports of 

Santos and Rio de Janeiro. The core-periphery structures we find reflect a hierarchical spatial 

structure shaped by spatial location of industries and urban areas, the structure of transportation 

system, and the organisation of logistic services, illustrating how trade flows through ports may 

change as any of these drivers change.  

 

Port-level output coefficient 

The products that are imported through a port are directly consumed in a country or are used in 

production processes to produce goods for domestic consumption or export. Additionally, 

goods exported through a port are being used in production processes, or directly consumed, 

elsewhere. To understand the importance of the trade facilitation function of ports for domestic 

and global supply-chains, we developed a metric, called the port-level output coefficient 

(PLOC), that captures the total industry output directly or indirectly dependent on the trade 

flows through a port, either in absolute terms (PLOCA) or relative to the amount of trade going 

through a port (PLOCR). This is done by removing the trade flows going through a port from 

the I-O table and quantifying the output changes to the domestic and global economy (see 

Methods).  

 

In absolute terms (PLOCA), some ports are important for the domestic economy, while others 

are more important for the global economy, as can be observed from Fig. 4a, which show the 

top 10 ports in terms of domestic output and in terms of global output that depend on the trade 

flow going through this port. In total, 41.9% of global industry output depends on the trade 

flows going through ports, which, again, are highly concentrated in a few key ports (Fig. 4b). 

The ports of Shanghai (China, 1.66% of global output), Ningbo (China, 1.19 of global output) 
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and Hamburg (Germany, 1.00% of global output) being most of important ones for the 

economy. Overall, 9.3% of the total industry output depends upon trade flowing through only 

the top 10 ports, 33.4% to the global economy depends upon flows through the top 100 ports.  

An average (maximum) of  2.01% (43.50%) of domestic industry output depends on maritime 

trade going through a single port. Examples of ports that are particularly important to the 

domestic economy but negligible on a global scale (dark blue or purple markers Fig. 4a) are the 

ports of Pointe-Noire (Congo, 20.3% of domestic output), Marsaxlokk (Malta, 21.2% of 

domestic output), Port Louis (Mauritius, 30.6% of domestic output), Reykjavik (Iceland, 20.6% 

domestic output) and Dar Es Salaam (Tanzania, 25.7% of domestic output). The ports of 

Singapore, Hong Kong, Mina Al Ahmadi, Laem Chabang and Kaohsiung (red markers Fig. 4a) 

are found to be essential for both domestic and global economy.   

 

In relative terms (PLOCR), every dollar of trade going through a port influences on average (5-

95th quantile) 4.16 (3.41 – 4.97) dollar of industry output to the global economy (Supplementary 

Fig. 5) . However, the goods that flow through a port can be relatively more embedded in 

domestic or foreign production processes, and relatively more through forward linkages or 

backward linkages. The relatively importance of these four components therefore determine 

how ports are positioned differently within the global supply-chain network, and also provides 

an indication how port disruptions (i.e. natural disasters, labour strike) can propagate through 

the economic system. In Fig. 5, we show the relative forward and backward linkages of port-

level trade flows, and the degree to which output is linked to domestic or global supply-chains. 

The ports of Rotterdam, Singapore, Los Angeles-Long Beach, Bremerhaven, Houston and 

Shanghai are all among the largest ports in terms of total trade (in value terms), but can be found 

at opposite sides of the spectrum. Rotterdam and Singapore have large global dependencies and 

balanced forward and backward linkages (relative to other ports), mainly due to their role as 
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petrochemicals hub and imports of final consumption goods (which embed products produced 

in other countries). Shanghai, Yokohama and Bremerhaven, on the other hand, have higher 

domestic dependencies and larger backward linkages. These ports are highly integrated with 

domestic manufacturing supply-chains (e.g. car manufacturing for Bremerhaven and 

Yokohama, and electronics and other manufacturing for Shanghai). The port of Los Angeles-

Long Beach has high global dependencies while also having high backward linkages, 

illustrating that it mainly imports final consumption goods. Similar characteristics are found for 

the port of Jeddah and Buenos Aires, which are the major container ports that serve Saudi 

Arabia and Argentina. The port of Houston has higher forward linkages and higher domestic 

dependencies, indicating that the domestic supply-chains produce goods that are mainly 

exported and used into upstream production processes (e.g. petrochemical and oil refinery 

products). Port Hedland (Australia) and Mina Al Ahmadi (Kuwait) have large forward linkages, 

implying they mainly export goods that  are used in production stages downstream in the 

supply-chain (oil for Mina Al Ahmadi, iron ore for the Port Hedland).  

 

The PLOC metrics illustrate how domestic and global supply-chains are tied to the port, and 

how ports are differently positioned in the global supply-chain network. This measure therefore 

helps to understand how demand shocks (e.g. pandemic) ripple through the economy and helps 

to evaluate the potential losses within supply-chains networks if ports are disrupted by a trade 

shock (e.g. natural disaster or labour strike). 

 

Port-level import coefficient 

To meet the final demand (i.e. domestic consumption and exports) in an economy, imports are 

necessary, which are facilitated (alongside alternative modes) by a country’s port infrastructure. 

Due to an increasing fragmentation (i.e. different stages of production in different countries) 
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and globalisation (i.e. global expansion) of supply-chains10,46, the reliance on imports to support 

final demand is increasing. Using the EORA MRIO table, we can find the direct and indirect 

(through interindustry dependencies) imports per port needed to produce the domestic 

consumption and (re-)exports in an economy. The port-level import coefficient (PLIC, see 

Methods) expresses this import need as a fraction of the final demand (Fig. 6a), quantifying the 

marginal increase or decrease in imports that flows through a port for every dollar increase or 

decrease in final demand (see Methods).  

 

On average, every 1000 dollar increase in final demand of an economy leads to an additional 

2.2 dollar of imports going through a given port. Fig. 6a highlights the 15 ports with the largest 

PLIC values, indicating how large PLIC values are found for the smaller ports of Male 

(Maldives, 108.2), Victoria (Seychelles, 73.1), Banjul (Gambia, 53.5) and Paardenbaai (Aruba, 

51.7), the medium-sized ports of Kampong Saom (Cambodia, 61.6), Toamasina (Madagascar, 

41.2), Dar Es Salaam (Tanzania, 37.8), Paramaribo (Suriname, 37.5), and the larger ports of Ho 

Chi Ming City (Vietnam, 44.4), Macau (Macau, 39.7), Singapore (Singapore, 32.1) and 

Colombo (Sri Lanka). In general, the larger PLIC values are found for ports in countries that 

have a limited number of importing ports and have a high overall trade openness, i.e. they rely 

disproportionally on foreign products to meet their domestic consumption and for use in 

domestic production processes that are later exported to other countries. Overall, specialised 

ports have lower PLIC (Spearman’s rank correlation: -0.24), while the coreness positively 

scales with the PLIC (Spearman’s rank correlation: -0.50). This can be explained by the fact 

that more diversified ports (that have higher coreness) tend to handle manufacturing products, 

which have higher sector-specific PLIC values due to the larger dependencies on imports for 

their production (see Supplementary Fig. 7).   
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Fig. 6b show the country-level import coefficients (CLIC), indicating the dollar increase in 

country-wide maritime imports due to a dollar increase in final demand. On a country-level, for 

every 1000 dollar increase in final demand, ports (i.e. all ports in a country) will experience a 

mean (maximum) 18.3 (108.3) dollar increase in maritime imports. However, a large variation 

is seen across groups of countries. Countries in Asia and Oceania tend to have an average CLIC 

that is 1.94 and 1.34 times higher, respectively, compared to the global average, while countries 

in Europe have a CLIC that is 0.51 times the global average. Small-island developing nations 

(SIDS), characterized by large dependencies on other economies to meet final demand, tend to 

have a 1.62 times higher CLIC (Fig. 6c).  Moreover, low-income countries have a 1.5 times 

higher CLIC-values than high-income countries (Fig. 6d), illustrating how maritime trade may 

rise steadily in low-income countries as economies grow and become more diversified.  

The imports coefficients (on a port and country level) help to quantify how future trade flows 

through ports will change as countries develop (e.g. demand grows), supply-chains further 

fragment (e.g. higher import coefficients), and if the sector composition in a country shifts (e.g. 

low-income countries demanding more manufacturing products).  

 

Discussion 

This study presents the first global analysis of the embeddedness of ports in international trade 

and global supply-chains. We make use of a novel downscaling approach that disaggregates 

global sector-specific bilateral trade flows to the port-level, which allows us to evaluate the 

share of maritime transport in global trade flows. We create a new classification system of ports 

based on their degree of specialisation and core-periphery structure. Moreover, we connect this 

port-to-port network to a global MRIO in order to analyse the domestic and global industry 

dependencies on trade flows passing a port.  
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We find that the approximately 55.0% of global trade by value is via maritime transport, 

although higher values are found for the agriculture (63.9%)  and mining and quarrying (83.5%) 

sectors. Maritime trade flows are concentrated in a small number of highly diversified ports that 

benefit from economies of scale and are well-integrated with the hinterland networks. Many 

countries have a clear core-periphery structure in their port system, with a set of core ports that 

tend to be diversified alongside a number of periphery specialised ports. This fact confirms a 

long-standing view in maritime economics and economic geography44,47.  

 

Low-income economies and small island developing states depend disproportionally on their 

port infrastructure for trade. Low-income countries import 1.7 times more by means of maritime 

transport than high-income countries, and further require 1.5 times more imports through their 

ports for every 1 dollar increase in final demand. Therefore, investments in reliable port 

infrastructure in low-income countries and small island developing states are essential if further 

economic growth is not to be inhibited by port capacity48. The benefits of increasing trade 

facilitation provided by ports may reach beyond the port boundaries, as ports tend to attract 

industry clusters45,49 and lower transaction costs in trade, which could lead to indirect benefits 

through access to, and integration in, international markets (e.g. food availability, expending 

exports markets)50–52.  

 

Port are further found to be essential to integrate domestic and global supply-chains. An average 

(maximum) of  2.01% (43.50%) of domestic industry output depends on maritime trade going 

through a single port. 9.3% of the global industry output depends upon trade flowing through 

the top 10 ports, with the port of Shanghai found as most critical port for the global economy  

(1.7% of global output depends on good going through Shanghai). In relative terms, every dollar 

flowing through a port embeds on average 4.17 dollar to industry output in the economy (both 
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domestic and global). The position of ports within supply-chains depends on the relative 

importance of domestic versus foreign supply-chains, and forward versus backward linkages. 

Similar ports in terms of size may be found at different ends of the spectrum, which has 

important implications for the feedback between the economy and trade flows through ports, 

and for evaluating the potential magnitude and spatial extent of supply-chains losses if ports 

are disrupted. This highlights how expressing the importance of a port only in terms of the value 

of trade passing through it hides some key distinctive features of ports in terms of their supply-

chain embeddedness.  

 

Future research can build on the framework developed here in various ways. First, our 

disaggregated analysis of global trade flow could allow estimating the carbon emissions 

embedded into maritime transportation, which can help allocate these emissions to countries 

and sectors27,53. Second, recognising that ports are integrated within port-hinterland transport 

networks2,39, the current framework could be extended to a full intermodal (e.g. road, rail, air, 

inland waterway) transport network that connects the origin and destinations locations of 

supply-chains. Third, by analysing future trade flows, the current analysis could help refine the 

future investment needs of port infrastructure and evaluate the changing dependencies between 

ports and the economy. At last, by coupling this framework to a disaster impact model54, the 

economic-wide losses (domestic and global) from port disruptions could be assessed, including 

the future losses due to climate change (e.g. sea-level rise, increased frequency of flooding). 

This could help understand the climate change adaptation needs of ports, and its financial 

viability, by weighting the costs (e.g. land elevation, breakwater construction) and benefits (e.g. 

reduced delays, physical damages, and business interruptions) of continues functionality.   
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In conclusion, ports are closely tied to the economy by facilitating trade flows that connect 

global supply-chains networks. Therefore, there is a clear need to integrate long-term 

infrastructure planning of port infrastructure with a system-wide perspective of the 

interconnectivities between the transport and the economic system. Given the large investments 

associated with the maintenance, replacement and expansion of port infrastructure needed to 

meet future demand, evaluating the key links, feedbacks and dependencies between ports and 

the economy is imperative for the sustainable development of economies.   

 

Data availability 

All data to reproduce the results in this study can be accessed via Mendeley Data (link will be 

added upon acceptance). 
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Method (3000 words) 

Modal choice model 

We develop a global modal choice (or modal split) model to predict the share of maritime trade 

in every bilateral trade flow. A model choice model intends to predict the allocation of freight 

transport flows for a given Origin-Destination (O-D) over alternative and competing transport 

modes55. In order to set-up a model, we have collected mode of transport data from UN 

Comtrade56 for the period 2016-2018, which describes the share of every mode of transport per 

bilateral trade flow on a commodity level (HS6). In total, 50 countries report mode of transport 

data. We filter out trade flows between non-landlocked countries in order to avoid 

misclassification of the mode of transport (e.g. Switzerland reports trade from Argentina as 

being road, because it uses road transport to enter the country) and remove trade flows that are 

specified as road, but where no road connection is present (e.g. trade from Brazil through the 

Port of Rotterdam to Germany is classified as road or rail). This results in 6.8 million bilateral 

trade flows between ~12,000 unique country pairs.  

 

We consider, maritime, air and road transport, due to the availability of global data and given 

that 93% of trade in our sample is by means of these three modes. The model is set up to predict 

the share of maritime trade given the availability of maritime, air and (if possible) road 

transport. We adopt a multinomial logit formulation, as is common practise into transport 

modelling55,57,58, which is based on the concept of utility maximisation given a set of 

explanatory variables related to the mode of transport (e.g. distance, time), the importing and 

exporting country (e.g. income level, neighbouring countries), and the commodity (e.g. weight 

to value ratio). We estimate the modal split per economic sector s (grouped into 11 sectors, see 
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Supplementary Table 1) to account for the heterogeneity in commodity types and because 

fitting parameters may vary between sectors.  

 

After testing various possible forms (see Supplementary Note 1), we adopt the following 

formulation to estimate the % of maritime trade for trade flow n of goods within sector s given 

the mode alternatives i 

𝐿𝑁 ( 1%𝑛𝑠,𝑚𝑎𝑟 − 1)
= β1(𝐶𝑛𝑠,𝑎𝑖𝑟 − 𝐶𝑛𝑠,𝑚𝑎𝑟 + 𝐶𝑛𝑠,𝑟𝑜𝑎𝑑 − 𝐶𝑛𝑠,𝑚𝑎𝑟)+ β2(𝑡𝑛𝑠,𝑎𝑖𝑟 − 𝑡𝑛𝑠,𝑚𝑎𝑟 + 𝑡𝑛𝑠,𝑟𝑜𝑎𝑑 − 𝑡𝑛𝑠,𝑚𝑎𝑟) + β3𝑊𝑒𝑖𝑔ℎ𝑡 + β4𝑉𝑎𝑙𝑢𝑒 + β5𝐺𝐷𝑃𝑐𝑎𝑝+ 𝑁𝑒𝑖𝑔ℎ𝑏 + γ𝑠 +  𝐶 

with 𝐶𝑛𝑠,𝑖 the generalised cost function:  𝐶𝑛𝑠,𝑖 = (𝑑𝑛𝑠,𝑖𝑇𝑖 + 𝑡𝑛𝑠,𝑖𝑉𝑖) 

In this formulation, 𝑑𝑛𝑠,𝑖 is the mode-specific distance in km, 𝑇𝑖 the mode-specific transport 

costs per tonnes per km (US$/t/km), 𝑡𝑖𝑛𝑠 the mode-specific transit time in h, 𝑉𝑖 the mode-

specific value of time per tonnes per hour (US$/t/h), 𝑊𝑒𝑖𝑔ℎ𝑡 the total transported weight in 

tonnes, 𝑉𝑎𝑙𝑢𝑒 the value per tonnes of the good in US$, 𝐺𝐷𝑃𝑐𝑎𝑝 the GDP/capita of the 

importing country, 𝑁𝑒𝑖𝑔ℎ𝑏 is a dummy variable set to 1 if the countries are neighbours, γ𝑠 a 

dummy for commodity type (based on HS2 code) and 𝐶 a constant. In case road transport is not 

an alternative (e.g. island states), all parameters with index road drop from Equation 1. For 

consistency across datasets, the origin and destination of every country pair is determined based 

on the geographical location of the capital city.  

 

For air transport, the geographical distance between capital cities are derived from the CEPPI 

GeoDist database59. For the transit time, we use data from an air cargo O-D database60 to know 

which country pairs have direct flight connections and which pairs need transhipment. We 
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assume that every country pair can be connected using one transhipment, which add 18h hours 

to the transit time60. We add a dwell time (time goods spend at an airport) to the airports are set 

in line with previous research34, and summarized in Supplementary Table 3.  

 

The road transport layer is extracted from the gROADSv1 global road network61. Using this 

network, we create a routable unidirectional network connecting the road segments (with the 

length of a segment as weight). We can create shortest paths between all country pairs using 

Dijkstra’s shortest path algorithm62, which is set to zero if no connection is found. The transit 

time between countries is based on different speed per road type, which are taken from Martínez 

et al.34, and summarized in Supplementary Table 3. We run the same shortest path algorithm 

again, but now using the time (speed times distance) as the weight.  

 

Maritime distance between country pairs are based on the CERDI sea distance dataset63. In this 

database, the maritime distances between country’s major seaports are estimated based on the 

2005 shipping network. In addition, the road distance between the capital city and the major 

seaport is included. The maritime time between countries is based on actual ship movement 

data (Automatic Identification System) by create a port-to-port dataset of visits for a year of 

data (04-2019 until 04-2020, see Trade distribution approach section for data specification). 

We create an unidirectional network with the median transit time between countries. For 

landlocked countries (which are not included in the port-to-port dataset), we use the road 

network to connect landlocked countries to the closest 15 ports in 15 countries, to allow 

landlocked countries to use ports in different countries (e.g. Switzerland can use the an Italian 

port for trade from Asia and a port in Germany for trade from Scandinavia). We include 

potential transhipments by adding a transhipment time of 2 days in every node (country). Again, 

using a shortest path algorithm, we find the transit time between all country pairs. We add the 
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turn-around time (time spend in port) to every port visit, which are also found using the AIS 

data, and the transit time between the port and capital city (for all non-landlocked countries). 

Lastly, we add a dwell time at the origin and destination ports (time of goods in ports before 

being loaded in vessel or picked by truck) based on previous work34, and again included in 

Supplementary Table 3.  

 

To estimate the mode-specific distance costs and the value of time, we test a range of values 

based on previous research64–66. Given the range of values reported in the literature, we test the 

sensitivity of the results to variations in the value of time and distance parameters for maritime 

transport and choose the combination of parameters that yield the best goodness-of-fit values 

(based on the MSE). The selected values are included in Supplementary Table 4.  

 

Data on the GDP per capita are extracted from the World Development Indicators database67, 

value-to-weight and total weight values are taken from the BACI trade data for 2015-201768, 

and the Neighbouring country dummies are taken from the GeoDist database59.  

We perform a validation of the data on a sector level, with scatterplots included in 

Supplementary Fig. 8. The fitted parameters are included in Supplementary Table 5. The 

correlation coefficients range from 0.44-0.99, whereas R-squared values range from 0.18-0.99. 

Moreover, we compare the final fitted maritime shares for the United States, New Zealand and 

Europe to external databases, which show an overall good result (Supplementary Note 2 and 

Supplementary Table 6).  

 

To create a harmonized maritime trade dataset, we fit the model with the 2015 BACI  

harmonized trade data68, which has commodity-specific (HS6) trade data on 7.5 million 
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bilateral trade flows between ~24,000 unique country pairs. We use 2015, given that we later 

couple this data to the EORA MRIO table, which has 2015 as its most recent year.  

 

Trade distribution approach 

The country-to-country maritime trade flows are disaggregated to the port-level. We aggregate 

the HS6-level maritime trade flows to sector-level in line with the sector-classification used in 

this study. We do this analysis for a total of 1172 ports across 177 (maritime) countries. We 

take a step-wise approach to assign trade flows to ports. First, for every vessel that sends out 

AIS signals, we create a database of port visits (port calls) in order to understand which ports 

are connected to each other on a liner connection (i.e. sequence of port visits for a particular 

vessel). We analysed a database of 3.2 million ports calls from around 100,000 different vessels. 

Second, we estimate the port-level imports and exports on that liner connection based on an 

algorithm developed, and validated, in earlier work31 that estimates the trade flows (in tonnes) 

based on the vessel characteristics, draft changes, and some correction factors. In principle, 

every port in a liner connection can trade with each other. We approximate that the likelihood 

that ports trade with each other scales with the size of trade within a liner connection (i.e. largest 

importing port trades with largest export port). Moreover, previous work has estimated a 

conversion factor (𝑓𝑠) that estimates the likelihood that a type of vessel transports good from a 

particular sector (s)31 in combination with a country-specific correction factor for the import 

(𝑓𝑖) and export of goods (𝑓𝑒) that reflect that similar types of vessels carry different goods 

depending on the trade composition of a country. We assume that the type of good that is likely 

transported between the two countries relates to the weighted correction factors 𝑓𝑖 and 𝑓𝑒. At 

last, we use a conversion from weight to value (𝑓𝑣)  based on the country pair. In short, we can 

write the sector-specific trade scaling factor (𝑇𝑆𝐹𝑠,𝑒𝑜,𝑖𝑑) of a vessel type on a liner connection 
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between an exporting (e) port in a origin country (o) and an importing (i) port in the destination 

country (d): 

𝑇𝑆𝐹𝑠,𝑒𝑜,𝑖𝑑 = 𝐸𝑒𝑜,𝑖𝑑 ∗  𝐼𝑒𝑜,𝑖𝑑 ∗ 𝑓𝑠  ∗  𝑓𝑣,𝑜𝑑 ∗  𝑓𝑖,𝑑 + 𝑓𝑒,𝑝2  

Given all liner connections between ports, we can disaggregate the share of maritime trade for 

every sector for a bilateral country pair (%𝑠,𝑜,𝑑) to the port-level of these countries (%𝑠,𝑒𝑜,𝑖𝑑) 

by comparing the 𝑇𝑆𝐹𝑠,𝑒𝑜,𝑖𝑑 of the port-pair to the total TSF over all port combinations 

(𝑇𝑆𝐹𝑠,𝑜,𝑑): 
 %𝑠,𝑒𝑜,𝑖𝑑 = 𝑇𝑆𝐹𝑠,𝑒𝑜,𝑖𝑑∑ ∑ 𝑇𝑆𝐹𝑠,𝑘𝑜,𝑠𝑑𝑠∈𝑆𝑘∈𝐾 ∗ %𝑠,𝑜,𝑑 

with K and S the set of ports in both the origin and destination countries that are connected to 

each other through liner connections. Using this formulation, we can distribute 97% of all trade 

flows. For the last 3% where there are no direct liner connections (transhipment is needed), we 

assume that the distribution is equal to the total TSF of the ports (e.g. the largest importing port 

in a country and largest exporting port in another country trade disproportionally with each 

other).   

 

We validate how the well the disaggregation method captures the distribution of sector-specific 

imports and exports for a country as a whole. We collected port-level trade statistics for 2019 

for the United Kingdom, the United States, New Zealand, Brazil and Japan and convert all data 

to the same sector classification. The validation is included in Supplementary Fig. 9, and shows 

a good agreement for most sectors and countries, although the methodology generally 

concentrates to much trade in smaller ports. This deficiency can be attributed to the accuracy 

of the trade prediction algorithm, which tend to overpredict trade in smaller ports, due to 

difficulties of capturing trade flows in small ports with large trade imbalances31.  
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Port classification 

The port classification consists of two factors:  (1) the inequality in sector-specific trade flows  

to capture the degree of specialisation and (2) the core-periphery structure of the port in the 

trade network. We use the Gini-coefficient as a measure of trade inequality (hence 

specialisation). For the 11 sectors (s), we measure its proportion to total trade T (T = imports + 

exports), which we first normalise (𝑇) to account for the fact that some sector encompass more 

valuable goods than others. Hence, the Gini coefficient (using the Brown equation69) can be 

derived from the cumulative share of trade (Cs = cum(𝑇s / 𝑇)): 

𝐺𝑖𝑛𝑖 = |1 − ∑(𝑋𝑠+1 − 𝑋𝑠)(𝐶𝑠+1 + 𝐶𝑠)10
𝑠=0 | 

with X the cumulative proportion of sectors (e.g. 1/11, 2/11, etc.).  

Core-periphery structure is a meso-scale structure that is found in many transportation systems 

and in country-to-country trade flows21,40,70. A network can be decomposed into core ports, 

which are densely connected to other core ports, and periphery ports, that are sparely connected 

to other periphery ports and connected with some probability to core ports21,40. The core-

periphery structure of ports also reflects the hinterland they serve, as core economic regions 

import more high-value goods, while low-value bulky good tend to be more concentrated in 

periphery regions43,44. Moreover, core-periphery structure in trade can originate due to the 

location of industry (e.g. trade between to car manufacturing plants in Japan and Germany), 

specialisation within supply-chains (e.g. iron ore or oil ports) and the strategic alliances/vertical 

consolidation of liner companies (e.g. specialised stevedoring companies certain ports owned 

by a large liner company).  

We construct a weighted network per sector using the derived port-to-port trade flows with the 

weight set to total trade T. We detect core and periphery ports using the continues core-

periphery algorithm of Rossa et al.40, which is based on the behaviour of a random-walker in a 
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network. We find a coreness value per port per sector and construct the total coreness value of 

the port by taking the mean of the coreness values across sectors. Hence, large coreness ports 

are either ports that have high coreness in most sectors, or have very large coreness in a small 

number of sectors and low coreness in others.  

 

Link to Input-Output tables 

To connect the maritime trade flows to an I-O table, we use the latest EORA MRIO13 (2015), 

which describe the intercountry and interindustry dependencies for 190 countries. Of the 177 

countries included in the port-to-port trade network, 157 countries are included in the MRIO, 

leaving us with 1132 ports for the analysis. Trade flows included in the MRIO table are not 

always similar as those included in the BACI trade database68, and hence we can only modify 

overlapping trade flows for this analysis (since we only derive maritime percentages for these 

specific trade flows).  

The import coefficient is derived in line with the work of Hummels et al.46, that used the concept 

of import coefficients to quantify the amount of imports embedded in the export of a country 

(i.e. vertical specialisation). Although the methodology of Hummels et al.46 was developed for 

a single country I-O table, Dietzenbacher71 showed that the same result holds for a MRIO. Our 

port-level import coefficient (PLIC) metric quantifies the amount of imports through a port (p) 

of country (k) that are embedded in exports (e, vector of exports) and domestic final 

consumption (c, vector of consumption). In a MRIO table, the input coefficients matrix (A) for 

country is derived from its interindustry trade (Z)  and industry output (x). For a country k = 1, 

this consists of 𝑨11 = 𝒁11(�̂�)−1 for domestically produced inputs and 𝑨𝑘1 = 𝒁𝑘1(�̂�)−1 for 

inputs imported from country k (k 1).  

The domestic outputs necessary for e is (𝑰 − 𝑨11)−1𝒆 and for c is (𝑰 − 𝑨11)−1𝒄, which require 

imports 𝑴 = ∑ 𝐀c1kc=2 (c = 2 to k means input from other countries). Hence, the total imports 
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to meet e is 𝒔′𝑴(𝑰 − 𝑨11)−𝟏𝒆 and to meet c is 𝒔′𝑴(𝑰 − 𝑨11)−1𝒄, with s a summation vector. 

To find imported goods going through a port, we modify the M matrix using the port-to-port 

trade network, by first making M = 0, and filling the M matrix with the fraction of country-to-

country trade (share x trade flow) that goes through a port per sector (s) (with Ap
c1 the port-

level imports from country c to country 1 to port p). This results in a new Mp per port that covers 

the input coefficients from country k to the host country of the port (country c = 1), which are 

being transported through this port. Using this, we can find the PLIC metrics by 

𝑃𝐿𝐼𝐶𝑑𝑜𝑚 = 𝒔′𝑴𝒑(𝑰 − 𝑨𝑝11)−1𝒄𝒔′𝒄  

and  

𝑃𝐿𝐼𝐶𝑒𝑥𝑝 = 𝒔′𝑴𝒑(𝑰 − 𝑨𝑝11)−1𝒆𝒔′𝒆  

The total import multiplier for a country is found by aggregating the PLIC-measures to a 

country scale (PLIC = PLICdom + PLICexp). The sector-specific import multipliers on a country-

level are found by replacing c and e with a vector with a 1 for the specific sector and a zero 

otherwise, and summing over all ports in the country.  

The port-level output coefficient (PLOC) metric is a variation of the Hypothetical Extraction 

Method (HEM)72–74 used in I-O analysis, in which a sector is hypothetically set to zero (the i-

th row and j-th column of matrix A) in order to evaluate the interindustry dependencies and 

importance for the economy through changes in the industry output. For the PLOC, we quantify 

the output changes to the economy by removing the trade flows going through a port from the 

I-O table. To do this, we use both supply-driven (Ghosh) and demand-driven (Leontief) 

versions of the I-O table to find the forward (supply-driven) and backward (demand-driven) 

linkages. Using a Ghoshian model is justified here as we look at reductions in industry output 

(see Rose and Wei for a discussion29). The PLOC metric is derived by (1) modifying the 

interindustry trade matrix (Z) and (2) the final demand matrix (y) to account for the trade flows 
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going through a port. First, we remove the port-level trade flows (both import and export) from 

Z and re-evaluate the new Ap,1 using the demand-driven model and the new Bp,1 using the 

supply-driven model (𝑩𝑝,1 = 𝒙−1̂ 𝒁).  We find the backward losses in industry output 

(Δ𝒙𝑝,1,𝑖𝑛𝑑,𝑏) by re-calculating industry output (xp,1,ind) with the modified direct requirement 

matrix: Δ𝒙𝑝,1,𝑖𝑛𝑑,𝑏 = 𝒙 −  (𝑰 − 𝑨𝑝,1)−1𝒚 

And the new industry output for the forward linkages (Δ𝒙𝑝,1,𝑖𝑛𝑑,𝑓): Δ𝒙𝑝,1,𝑖𝑛𝑑,𝑓 = 𝒙 −  𝒗(𝑰 − 𝑩𝑝,1)−1
 

with v the vector of value-added. The changes in industry output is the addition of the changes 

in domestic output (Δ𝒙𝑑𝑜𝑚,𝑖𝑛𝑑,𝑏 ; Δ𝒙𝑑𝑜𝑚,𝑖𝑛𝑑,𝑓 ) and change in output on the rest of the economy 

(Δ𝒙𝑔𝑙𝑜𝑏,𝑖𝑛𝑑,𝑏 ; Δ𝒙𝑔𝑙𝑜𝑏,𝑖𝑛𝑑,𝑓 ). Moreover, we evaluate the changes industry output due to the port-

level trade embedded in direct consumption. This is done by modifying the demand matrix (y) 

with the equivalent reduction in domestic final consumption (imports) and the reduction in final 

consumption in other countries (exports). Output losses associated with changes in final 

consumption in a port in country 1 (𝐲p,1) can be found by solving: Δ𝒙𝑝,1,𝑐𝑜𝑛,𝑏 = 𝒙 −  (𝑰 − 𝑨)−1(𝐲 − 𝐲𝐩,𝟏) 

From Δxp,1,con,b we can find changes in domestic output (Δ𝒙𝑑𝑜𝑚,𝑐𝑜𝑛,𝑏) and changes in output for 

the rest of the economy  (Δ𝒙𝑔𝑙𝑜𝑏,𝑐𝑜𝑛,𝑏) in a similar fashion as described above. The forward 

losses associated with trade in final consumption are simply the trade flows of final 

consumption, with imports leading to a reduction of domestic output (Δ𝒙𝑑𝑜𝑚,𝑐𝑜𝑛,𝑓) and exports 

leading to a reduction in foreign output (Δ𝒙𝑔𝑙𝑜𝑏,𝑐𝑜𝑛,𝑓). 

This yields the PLOCA metric, which can be derived from changes in domestic and global 

output: 
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𝑃𝐿𝑂𝐶𝐴 = (Δ𝒙𝑑𝑜𝑚,𝑖𝑛𝑑,𝑏 + Δ𝒙𝑑𝑜𝑚,𝑐𝑜𝑛,𝑏 ) + (Δ𝒙𝑑𝑜𝑚,𝑐𝑜𝑛,𝑓 + Δ𝒙𝑑𝑜𝑚,𝑖𝑛𝑑,𝑓) + (Δ𝒙𝑔𝑙𝑜𝑏,𝑖𝑛𝑑,𝑏+ Δ𝒙𝑔𝑙𝑜𝑏,𝑐𝑜𝑛,𝑏)  + (Δ𝒙𝑔𝑙𝑜𝑏,𝑐𝑜𝑛,𝑓 + Δ𝒙𝑔𝑙𝑜𝑏,𝑖𝑛𝑑,𝑓) 

 

from which PLOCR can be derived: 

𝑃𝐿𝑂𝐶𝑅 = 𝑃𝐿𝑂𝐶𝐴𝐼 + 𝐸  

The relative importance of the global versus domestic losses and forward versus backward can 

be derived the components of PLOCA. The losses relative to the domestic and global economy 

are found by dividing the relevant components by the total domestic and global industry output. 

 

References 

1. Robinson, R. Ports as elements in value-driven chain systems: The new paradigm. 

Marit. Policy Manag. 29, 241–255 (2002). 

2. Hesse, M. & Rodrigue, J. P. The transport geography of logistics and freight 

distribution. J. Transp. Geogr. 12, 171–184 (2004). 

3. UNCTAD. Review of Maritime Transport 2017 - Developments in International 

Seaborn Trade. (2017). 

4. Maluck, J. & Donner, R. V. A network of networks perspective on global trade. PLoS 

One 10, 1–24 (2015). 

5. Amador, J. & Cabral, S. Networks of Value-added Trade. World Econ. 40, 1291–1313 

(2017). 

6. Rodrigue, J. P. & Notteboom, T. The terminalization of supply chains: Reassessing the 

role of terminals in port/hinterland logistical relationships. Marit. Policy Manag. 36, 

165–183 (2009). 

7. Coe, N. M. Missing links: Logistics, governance and upgrading in a shifting global 



 28 

economy. Rev. Int. Polit. Econ. 21, 224–256 (2014). 

8. ITF. ITF Transport Outlook 2019. (OECD, 2019). doi:10.1787/transp_outlook-en-

2019-en 

9. Hanson, S. E. & Nicholls, R. J. Demand for ports to 2050: Climate policy, growing 

trade and the impacts of sea‐level rise. Earth’s Futur. (2020). 

doi:10.1029/2020ef001543 

10. Los, B., Timmer, M. P. & de Vries, G. J. How global are global value chains? A new 

approach to measure international fragmentation. J. Reg. Sci. 55, 66–92 (2015). 

11. Dietzenbacher, E., Los, B., Stehrer, R., Timmer, M. & de Vries, G. the Construction of 

World Input-Output Tables in the Wiod Project. Econ. Syst. Res. 25, 71–98 (2013). 

12. Timmer, M. P., Dietzenbacher, E., Los, B., Stehrer, R. & de Vries, G. J. An Illustrated 

User Guide to the World Input-Output Database: The Case of Global Automotive 

Production. Rev. Int. Econ. 23, 575–605 (2015). 

13. Lenzen, M., Kanemoto, K., Moran, D. & Geschke, A. Mapping the structure of the 

world economy. Environ. Sci. Technol. 46, 8374–8381 (2012). 

14. Lenzen, M. et al. The Global MRIO Lab–charting the world economy. Econ. Syst. Res. 

29, 158–186 (2017). 

15. Ducruet, C. The polarization of global container flows by interoceanic canals: 

geographic coverage and network vulnerability. Marit. Policy Manag. 43, 242–260 

(2016). 

16. Ducruet, C. Multilayer dynamics of complex spatial networks: The case of global 

maritime flows (1977–2008). J. Transp. Geogr. 60, 47–58 (2017). 

17. Kaluza, P., Kölzsch, A., Gastner, M. T. & Blasius, B. The complex network of global 

cargo ship movements. J. R. Soc. Interface 7, 1–11 (2010). 

18. Peng, P., Yang, Y., Cheng, S., Lu, F. & Yuan, Z. Hub-and-spoke structure: 



 29 

Characterizing the global crude oil transport network with mass vessel trajectories. 

Energy 168, 966–974 (2019). 

19. Li, Z., Xu, M. & Shi, Y. Centrality in global shipping network basing on worldwide 

shipping areas. GeoJournal 80, 47–60 (2014). 

20. Wang, N., Wu, N., Dong, L. L., Yan, H. K. & Wu, D. A study of the temporal 

robustness of the growing global container-shipping network. Sci. Rep. 6, 1–10 (2016). 

21. Kojaku, S., Xu, M., Xia, H. & Masuda, N. Multiscale core-periphery structure in a 

global liner shipping network. Sci. Rep. 9, 1–15 (2019). 

22. Xu, M., Pan, Q., Muscoloni, A., Xia, H. & Cannistraci, C. V. Modular gateway-ness 

connectivity and structural core organization in maritime network science. Nat. 

Commun. 11, 1–15 (2020). 

23. Moran, D., Giljum, S., Kanemoto, K. & Godar, J. From Satellite to Supply Chain: New 

Approaches Connect Earth Observation to Economic Decisions. One Earth 3, 5–8 

(2020). 

24. Wenz, L. et al. Regional and Sectoral Disaggregation of Multi-Regional Input–Output 

Tables – a Flexible Algorithm. Econ. Syst. Res. 27, 194–212 (2015). 

25. Venables, A. J. Spatial disparities in developing countries: Cities, regions, and 

international trade. J. Econ. Geogr. 5, 3–21 (2005). 

26. Godar, J., Persson, U. M., Tizado, E. J. & Meyfroidt, P. Towards more accurate and 

policy relevant footprint analyses: Tracing fine-scale socio-environmental impacts of 

production to consumption. Ecol. Econ. 112, 25–35 (2015). 

27. Schim van der Loeff, W., Godar, J. & Prakash, V. A spatially explicit data-driven 

approach to calculating commodity-specific shipping emissions per vessel. J. Clean. 

Prod. 205, 895–908 (2018). 

28. Liu, H. et al. Emissions and health impacts from global shipping embodied in US–



 30 

China bilateral trade. Nat. Sustain. 2, 1027–1033 (2019). 

29. Rose, A. & Wei, D. Estimating the Economic Consequences of a Port Shutdown: the 

Special Role of Resilience. Econ. Syst. Res. 25, 212–232 (2013). 

30. Verschuur, J., Koks, E. E. & Hall, J. W. Port disruptions due to natural disasters: 

Insights into port and logistics resilience. Transp. Res. Part D Transp. Environ. 85, 

102393 (2020). 

31. Verschuur, J., Koks, E. & Hall, J. The implications of large-scale containment policies 

on global maritime trade during the COVID-19 pandemic. arXiv Prepr. 

arXiv2010.15907 (2020). 

32. Jonkeren, O., Rietveld, P., van Ommeren, J. & te Linde, A. Climate change and 

economic consequences for inland waterway transport in Europe. Reg. Environ. Chang. 

14, 953–965 (2014). 

33. Cristea, A., Hummels, D., Puzzello, L. & Avetisyan, M. Trade and the greenhouse gas 

emissions from international freight transport. J. Environ. Econ. Manage. 65, 153–173 

(2013). 

34. Martínez, L. M., Kauppila, J. & Castaing, M. International freight and related carbon 

dioxide emissions by 2050 new modeling tool. Transp. Res. Rec. 2477, 58–67 (2015). 

35. Hummels, D. Transportation costs and international trade in the second era of 

globalization. J. Econ. Perspect. 21, 237 (2007). 

36. Buys, P., Deichmann, U. & Wheeler, D. Road network upgrading and overland trade 

expansion in sub-saharan Africa. J. Afr. Econ. 19, 399–432 (2010). 

37. Hummels, D. L. & Schaur, G. Time as a trade barrier. Am. Econ. Rev. 103, 2935–2959 

(2013). 

38. Ansón, J., Arvis, J. F., Boffa, M., Helble, M. & Shepherd, B. Time, uncertainty and 

trade flows. World Econ. 1–18 (2020). doi:10.1111/twec.12942 



 31 

39. Notteboom, T. & Rodrigue, J. P. Containerisation, box logistics and global supply 

chains: The integration of ports and liner shipping networks. Marit. Econ. Logist. 10, 

152–174 (2008). 

40. Rossa, F. Della, Dercole, F. & Piccardi, C. Profiling core-periphery network structure 

by random walkers. Sci. Rep. 3, (2013). 

41. Magerman, G., De Bruyne, K. & Van Hove, J. Pecking order and core-periphery in 

international trade. Rev. Int. Econ. 1–29 (2020). doi:10.1111/roie.12483 

42. Kőszegi, B. & Rabin, M. Quarterly Journal of Economics 84:488-500. Q. J. Econ. 121, 

1133–1165 (2006). 

43. Ducruet, C., Itoh, H. & Joly, O. Ports and the local embedding of commodity flows. 

Pap. Reg. Sci. 94, 607–627 (2015). 

44. Ducruet, C. & Itoh, H. Regions and material flows: Investigating the regional 

branching and industry relatedness of port traffics in a global perspective. J. Econ. 

Geogr. 16, 805–830 (2016). 

45. Fujita, M. & Mori, T. The role of ports in the making of major cities: Self-

agglomeration and hub-effect. J. Dev. Econ. 49, 93–120 (1996). 

46. Hummels, D., Ishii, J. & Yi, K. M. The nature and growth of vertical specialization in 

world trade. J. Int. Econ. 54, 75–96 (2001). 

47. Ducruet, C., Itoh, H. & Joly, O. Ports and the local embedding of commodity flows. 

Pap. Reg. Sci. 94, 607–627 (2015). 

48. Limão, N. & Venables, A. J. Infrastructure, geographical disadvantage, transport costs, 

and trade. World Bank Econ. Rev. 15, 451–479 (2001). 

49. Wang, Y. & Wang, N. The role of the port industry in China’s national economy: An 

input–output analysis. Transp. Policy 78, 1–7 (2019). 

50. Arvis, J. F., Duval, Y., Shepherd, B., Utoktham, C. & Raj, A. Trade costs in the 



 32 

developing world: 1996-2010. World Trade Rev. 15, 451–474 (2016). 

51. Janssens, C. et al. Global hunger and climate change adaptation through international 

trade. Nat. Clim. Chang. 10, (2020). 

52. Nechifor, V. & Ferrari, E. Trading for climate resilience. Nat. Clim. Chang. 10, 804–

805 (2020). 

53. Liu, H. et al. Emissions and health impacts from global shipping embodied in US–

China bilateral trade. Nat. Sustain. 2, 1027–1033 (2019). 

54. Chen, Z. & Rose, A. Economic resilience to transportation failure: a computable 

general equilibrium analysis. Transportation (Amst). 45, 1009–1027 (2018). 

55. de Jong, G. Mode Choice Models. Model. Freight Transp. 117–141 (2013). 

doi:10.1016/B978-0-12-410400-6.00006-9 

56. United Nations Statistical Division. UN Comtrade database. UN Comtrade database 

(2020). Available at: https://comtrade.un.org. (Accessed: 1st February 2020) 

57. Ben-Akiva, M. & de Jong, G. The Aggregate–Disaggregate–Aggregate (ADA) Freight 

Model System. Recent Dev. Transp. Model. 117–134 (2008). 

doi:10.1108/9781786359537-007 

58. Ben-Akiva, M. & Bierlaire, M. Discrete Choice Methods and their Applications to 

Short Term Travel Decisions. in Handbook of Transportation Science 5–33 (1999). 

doi:10.1007/978-1-4615-5203-1_2 

59. Mayer, T. & Zignago, S. The GeoDist Database on Bilateral Geographical Information. 

Cepii 18 (2011). doi:10.2139/ssrn.1994531 

60. Bombelli, A., Santos, B. F. & Tavasszy, L. Analysis of the air cargo transport network 

using a complex network theory perspective. Transp. Res. Part E Logist. Transp. Rev. 

138, 101959 (2020). 

61. Center for International Earth Science Information Network - CIESIN - Columbia 



 33 

University & Information Technology Outreach Services - ITOS - University of 

Georgia. Global Roads Open Access Data Set, Version 1 (gROADSv1). (2013). 

62. Dijkstra, E. W. A Note on Two Problems in Connexion with Graph. Numer. Math. 271, 

269–271 (1959). 

63. Bertoli, S., Goujon, M. & Santoni, O. The CERDI-seadistance database [Dataset]. 

Zenodo (2016). doi:10.5281/zenodo.46822 

64. Tavasszy, L., Minderhoud, M., Perrin, J. F. & Notteboom, T. A strategic network 

choice model for global container flows: Specification, estimation and application. J. 

Transp. Geogr. 19, 1163–1172 (2011). 

65. de Jong, G. et al. Schatting BASGOED rapportage DP1. (2010). 

66. De Jong, G. et al. New SP-values of time and reliability for freight transport in the 

Netherlands. Transp. Res. Part E Logist. Transp. Rev. 64, 71–87 (2014). 

67. World Bank. World Development Indicators. World Development Indicators Online 

Database (2020). Available at: https://data.worldbank.org/data-catalog/world-

development-indicators. (Accessed: 1st April 2020) 

68. Gaulier, G. & Zignago, S. BACI : International Trade Database at the Product-level 

The 1994-2007 Version. (2010). 

69. Brown, M. C. Using gini-style indices to evaluate the spatial patterns of health 

practitioners: Theoretical considerations and an application based on Alberta data. Soc. 

Sci. Med. 38, 1243–1256 (1994). 

70. Verma, T., Araújo, N. A. M. & Herrmann, H. J. Revealing the structure of the world 

airline network. Sci. Rep. 4, 1–6 (2014). 

71. Dietzenbacher, E. Fragmentation in an Inter-country Input-Output Framework Erik 

Dietzenbacher. 

72. Schultz, S. Approaches to Identifying Key Sectors Empirically by Means of Input-



 34 

Output Analysis. J. Dev. Stud. 14, 77–96 (1977). 

73. Temurshoev, U. & Oosterhaven, J. Analytical and empirical comparison of policy-

relevant key sector measures. Spat. Econ. Anal. 9, 284–308 (2014). 

74. Dietzenbacher, E., van Burken, B. & Kondo, Y. Hypothetical extractions from a global 

perspective. Econ. Syst. Res. 31, 505–519 (2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 35 

 

Fig. 1 | The share of maritime transport in global trade. (a-b) Country’s percentage of 

maritime imports (a) and exports (b) based on the 2015 trade network. (c) Boxplots of the 

percentage maritime imports per economic sector with countries grouped by income level 

(based on the World Bank income classification).  
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Fig. 2 | The origin and destination ports of trade flows. (a-b) The aggregated imports (a) and 

exports (b) per port. The top 20 ports are highlighted with the top 5 ports annotated. (c) the 

location of the 50 largest importing (blue) and exporting (red) ports per sector.  
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Fig. 3 | Relationship between port coreness and specialisation. The core-periphery structure 

in the global (‘All’) and nine national port systems based on the coreness value of the sector-

specific port-to-port network and the degree of specialisation of the port (based on the inequality 

of sector-specific trade). The dots represent the individual ports, whereas the line is created 

using a locally weighted scatterplot smoothing (LOWESS) of the data. Note the logarithmic x-

axis. 
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Fig. 4 | Global distribution of the port-level output losses as a fraction of domestic and 

global industry output. (a) The port-level output coefficient (PLOCA) grouped according to 

the domestic output losses as a percentage of total domestic output and the global output losses 

as a percentage of total global output.  The ten ports with the largest relative influence on 

domestic and global output are highlighted together with the associated percentage value 

(domestic in blue, global in red). (b) The cumulative distribution plot of port’s influence on 

global industry output as a function of the rank of the port. The cumulative output for the top 

10, 50 and 200 ports are indicated in the grey scale. Note the logarithmic x-axis.    
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Fig. 5 | The relative importance of forward/backward and domestic/foreign port-industry 

linkages. The total output losses (Δ𝑥) per port subdivided into forward and backward losses, 

and domestic and foreign losses, capturing the relative importance of the four components. The 

size of the dot corresponds to the total output losses. The black dotted line depicts the equal 

importance of both components, whereas the red dotted line depicts the median values across 

all ports. Ports highlighted in blue and annotated are mentioned in the text. 
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Fig. 6 | Global distribution of the country-level and port-level import coefficient. (a) The 

global distribution of the port-level import coefficient (PLIC), expressing the dollar increase in 

imports for every 1000 dollar increase in final demand. The top 15 ports are highlighted and 

annotated. (b) The country-wide maritime import coefficient (CLIC) per region. The bar plot 

illustrates the mean value, with the error bar depicting the 5-95 percentiles. (c) Same as (b) but 

comparing the global average CLIC to the CLIC of the Small Island Developing States (SIDS). 

(d) Same as (b) and (c) but the global average CLIC to the CLIC of the countries grouped by 

income level (based on the World Bank income classification). LI: low income, LMI: lower 

middle income, UMI: upper middle income, HI: high income. 
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The origin and destination ports of trade �ows. (a-b) The aggregated imports (a) and exports (b) per port.
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Figure 5

The relative importance of forward/backward and domestic/foreign port-industry linkages. The total
output losses (Δx) per port subdivided into forward and backward losses, and domestic and foreign
losses, capturing the relative importance of the four components. The size of the dot corresponds to the
total output losses. The black dotted line depicts the equal importance of both components, whereas the
red dotted line depicts the median values across all ports. Ports highlighted in blue and annotated are
mentioned in the text.
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Global distribution of the country-level and port-level import coe�cient. (a) The global distribution of the
port-level import coe�cient (PLIC), expressing the dollar increase in imports for every 1000 dollar increase
in �nal demand. The top 15 ports are highlighted and annotated. (b) The country-wide maritime import
coe�cient (CLIC) per region. The bar plot illustrates the mean value, with the error bar depicting the 5-95
percentiles. (c) Same as (b) but comparing the global average CLIC to the CLIC of the Small Island
Developing States (SIDS). (d) Same as (b) and (c) but the global average CLIC to the CLIC of the
countries grouped by income level (based on the World Bank income classi�cation). LI: low income, LMI:
lower middle income, UMI: upper middle income, HI: high income. Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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