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Abstract
The metropolitan areas act as incubators of new knowledge, and play a central role 
in the process of scientific knowledge production. On the basis of highly cited pa-
pers data, this paper adopts spatial scientometrics and social network analysis to in-
vestigate the geography, position and link of science cities between 2007 and 2017. 
The results are demonstrated below: (1) The two seemingly paradoxical trends, the 
regional concentration and global spread, coexist in the process of knowledge pro-
duction, which are rapidly reshaping the global pattern of science. (2) The whole 
knowledge collaboration network has been dominated by the Global North cities, 
while the rise of the Global South cities has an increasing influence in the network, 
both driving the evolution of the world order. (3) The number of scientific col-
laborations between cities has increased dramatically, while domestic collabora-
tions have higher strength than international collaborations. Finally, we discuss the 
limitations of this study and set out three directions in the future research agenda 
of knowledge production.
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Introduction

Over the past decades, scientific knowledge production has been paid large atten-
tion in economic geography (Heimeriks & Boschma, 2014), urban studies (Grossetti, 
et al., 2014; Lambooy, 2002) and information science (Csomos, 2018; Jack, et al., 
2021). Due to the availability of scientific publication data, a number of literature 
have focused on examining country and organizational level (Csomos, 2019). How-
ever, the globalization of economy associates with the rise to prominence of cities 
and the relative decline in the significance of nation-states (Bunnell, 2002). Castells 
(1989) emphasizes that cities should be regarded as the key actors in the age of glo-
balizing knowledge economy. In recent years, a growing number of scholars focus on 
the increasingly important role of cities or metropolitan areas as a driver for scientific 
knowledge production (Balland, et al., 2020; Cohen, et al., 2016; Nomaler, et al., 
2014).

Cities and metropolitan areas are not only containers for research activities, but are 
actively involved in the creation of new knowledge (Florida, et al., 2017). Generally 
speaking, large cities are the hotbeds for the formation of ecosystems of knowledge 
production (WIPO, 2019), because cities attract diverse talents, including entrepre-
neurs, scientists and researchers, and act as incubators for new knowledge (Duranton 
& Puga, 2001). The city, as a lab, is becoming a platform for the knowledge economy 
(Cohen, et al., 2016). Most of the world’s science and research is highly concen-
trated in a few megacities. Therefore, scientific knowledge production is an urban 
enterprise. According to 2018 Revision of World Urbanization Prospects, 68% of 
the world’s population will live in urban areas by 2050 (United Nations Population 
Division, 2018). Cities, especially leading metropolises, are projected to become the 
domain of knowledge (Mallapaty, 2017). Some scholars claim that cities are also 
knowledge centers (Csomos & Toth, 2016; Matthiessen and Schwarz, 1999).

Against the above-mentioned background, the aim of this study is to further our 
understanding of the changing geography of scientific knowledge production on the 
metropolitan area level. This study will answer the following three questions: (1) 
Concentration or de-concentration? How do the geography of science cities evolve 
over time? (2) The Global North or Global South? How do the position of science 
cities change over time? (3) Domestic or international collaborations? How do the 
link of science cities evolve over time? With the globalization of science as the back-
ground of the research and the metropolitan area as the unit of analysis, this study 
uses publication data from the Web of Science database to measure scientific knowl-
edge production. By applying spatial scientometrics and social network analysis, we 
investigate the dynamics in the geography of scientific knowledge production, the 
position of cities in the collaboration network, and the bilateral links between cities.

This article aims to make three contributions. Firstly, this paper uses metropolitan 
area as the unit of analysis, because metropolitan areas can provide rich and inter-
nationally comparable information on scientific knowledge production (Csomos & 
Toth, 2016; Matthiessen, et al., 2010). Although some scholars have paid attention to 
spatial scientometrics on the city level (Bornmann & de Moya, 2019; Csomos, 2018), 
there is a lack of research on the metropolitan area level. Csomos (2019) highlights 
that metropolitan area is an ideal solution, which can lead to consensus among schol-
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ars and make research results comparable as well as reliable. Secondly, scientific 
knowledge production is entering the collaborative era, and an increasing majority 
of scientific papers are the result of collaboration (Wagner, 2018). While much has 
been written about the spatial distribution of knowledge production, there remains a 
gap in our understanding of the scientific collaborations between cities (Csomos, et 
al., 2020; Maisonobe, et al., 2016). Thirdly, this paper tries to unite economics, and 
economic geography to tentatively explain the changing geography of knowledge 
production. The nature of scientific knowledge production is complex because it is 
not only subject to a linear input-output process, but also a path-dependent and inter-
active process (Bathelt, et al., 2004; Heimeriks & Boschma, 2014), which means that 
geography has always played a critical role in the process of scientific knowledge 
production.

The rest of the article is organized as follows: Sect. 2 provides a literature review. 
Data and methodology are introduced in Sect. 3. Section 4 presents the empirical 
results and findings. Conclusions are drawn in the final section.

Literature Review

The Nature of Scientific Knowledge Production

The nature of scientific knowledge production provides opportunities but also sets 
constraints for knowledge diffusion, and determines in part the geography of scien-
tific activity. However, there is no consensus about the nature of knowledge produc-
tion among scholars. In economic thinking, knowledge production is often described 
as a linear input-output process (Jaffe, 1989). Inspired by Cobb-Douglas production 
function, knowledge production function theory is first proposed by Griliches (1979). 
The theory implicitly argues that the functional relationship between knowledge out-
put and knowledge input is linear, that is, knowledge output is heavily dependent on 
knowledge input, such as research and development (R&D) expenditure and R&D 
human capital. Therefore, the knowledge production function is also called ‘the lin-
ear model of knowledge’. A plenty of literature use the knowledge production func-
tion model to confirm the positive effect of R&D inputs (Huallachain & Leslie, 2007; 
Ponds et al., 2010), which is widely used to explain the inequalities of scientific 
knowledge. Scientific knowledge production is geographically uneven and concen-
trated in a relatively small number of metropolitan areas, because those large cities 
can offer research expenditure, highly skilled talents, and the best environment to 
cultivate new knowledge. In recent years, a growing number of cities have heavily 
increased its investment in R&D, leading to the global spread of knowledge.

In evolutionary economic geography, knowledge production is often seen as a 
cumulative and path-dependent process (Dosi, 1982; Nelson & Winter, 1982), 
emphasizing the significance of internal knowledge bases. The core hypothesis is 
that new knowledge stems from combining and recombining the existing knowl-
edge elements (Schumpeter, 1934; Weitzman, 1998). From an evolutionary perspec-
tive, the previous scientific knowledge provides keystones for further knowledge 
production. Consequently, the new knowledge is not random, which is constrained 
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by the existing knowledge (Boschma, et al., 2014). In addition, the cumulative and 
path-dependent nature of knowledge is more likely to result in the place-dependent 
(Heimeriks & Boschma, 2014). This explains why large metropolitan areas produce 
a growing number of scientific knowledge and the spatial concentration of scientific 
activities has increased.

Different from economics and evolutionary economic geography, relational eco-
nomic geography sees knowledge production as an interactive process, which high-
lights the importance of the external interaction. Specifically, knowledge production 
is all best understood as the outcome of interactive learning processes where actors 
come together to solve particular problems (Bathelt, et al., 2004), that is, new knowl-
edge is the result of interaction between actors (Kline & Rosenberg, 1986). Scientific 
knowledge as a public good, has the non-rivalrous and non-excludable properties 
(Arrow, 1962), which mean that the collaborators can benefit from openness. In the 
process of sharing, the public good nature of knowledge, which anyone can use with-
out loss of value. Consequently, collaboration is increasingly the norm for knowledge 
production (WIPO, 2019). The current science has benefited from the shift from indi-
vidual work to collective effort, with over 90% of the high-quality research produced 
by collaborations in the 21st century (Dong, et al., 2017). Scientific collaboration 
is increasingly common and frequent, which happen not only on the local level but 
also on the global scale. However, the tacit nature of knowledge require face-to-face 
interaction, so it does not easily flow over long distance (Gertler, 2003).

The Geography of Knowledge Production

When it comes to the geography of knowledge production, there are two different 
views. One stream of the literature point out that knowledge production is regional 
concentration. A growing body of studies show that knowledge production is highly 
concentrated in a tiny fraction of cities (Balland, et al., 2020; Florida, 2004). In terms 
of scientific publication, global science is geographically uneven. The traditional sci-
entific monopolies (the USA and Europe) have dominated knowledge output (Royal 
Society, 2011), and the science hotspots are spatially clustered in three major geo-
graphic regions: North America, East Asia and Western Europe (Csomos, 2018). The 
high-quality research output also concentrates disproportionately in a few large cit-
ies. According to Nature Index 2017 Science Cities, the top 100 metropolises gather 
60% of the share of authorship, and the top 10 cities are responsible for 17% of the 
research output (Mallapaty, 2017). Based on the 74 largest metropolitan units, Mat-
thiessen et al. (2010) show that knowledge production presents a concentration pro-
cess, London and Tokyo–Yokohama are giants.

Another stream emphasizes that knowledge production is increasingly global 
spread, because science is happening in an increasing number of countries and cities 
(WIPO, 2019). Scientific knowledge is undergoing a gradual process of de-concen-
tration, and the gap between cities is narrowing, which leads to a more balanced 
distribution (Grossetti, et al., 2014; Maisonobe, et al., 2018). Furthermore, the mean 
center of gravity of global knowledge production is moving from the West to the East 
(Gui, et al., 2019a). The rise of emerging scientific nations are reshaping the global 
scientific landscape, and try to create a multipolar world order (Royal Society, 2011). 
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Evidence from 2.8  million highly-cited scientific papers, Maisonobe et al. (2018) 
reveal a more even spread case: the number of urban areas with at least one paper has 
increased dramatically from 3,180 cities in 171 countries in 2000 to 4,841 ones in 
190 nations in 2013. WIPO (2019) also confirms knowledge production has greater 
international spread in the last two decades. On the basis of publication data over the 
period 1987–2007, Grossetti et al. (2014) find that scientific activity is deconcentrat-
ing both global level and within countries. Taking knowledge production in biotech 
1986–2008 for example, Heimeriks and Boschma (2014) find that the slow growing 
cities are mainly located in USA, while a number of those fast growing cities are 
found in Asian, particularly in South Korea and China.

Knowledge Collaboration and Intercity Linkage

Scientific knowledge production is entering the collaborative era, and we create and 
share knowledge—in collective effort (Adams, 2013; Wagner, 2018). Collaboration 
is increasingly the norm in the process of knowledge production, and has a signifi-
cant impact on the organization, patterns and flows of knowledge. Informal or formal 
collaborations contribute to knowledge diffusion over long distances, even cross-
border flows (Ponds et al., 2010). Knowledge collaboration as a typical type of inter-
city linkage, provides a new pathway to understand the relationship between cities 
and the evolution of city system (Li & Phelps, 2018). Cities are embedded in vari-
ous links and networks, which are crucial to understand the nature of cities (Jacobs, 
1969). As Gottmann (1976) puts it, metropolitan areas not only act as the incubator of 
knowledge at the regional level, but also play the role of the hub in linking national 
innovation system to global innovation network. As science globalization develops, 
scientific collaborations between cities have dramatically increased, and the pro-
portion of single-city publications has declined (Maisonobe, et al., 2016). Cities in 
developed countries are more actively integrated into the international network than 
counterparts in emerging economies. Matthiessen et al. (2010) find the rise of south-
east Asian cities and the decline of the Anglo-American ones in the world cities of 
knowledge network. Taking ICT R&D network for example, Nepelski and De Prato 
(2015) report that the whole network is dominated by the US and European cities. At 
the same time, Chinese cities gradually occupy key positions in the network. Csomos 
et al. (2020) explore the changing geographical pattern of international scientific col-
laborations between cities, and indicate that the intensity of intercity collaboration 
has increased. Studies of Greater Bay Area (GBA) megalopolis and Yangtze River 
Delta (YRD) megalopolis show that Hong Kong and Shanghai play the hub role in 
the national scale, while relatively weak role in the local scale (Li & Phelps, 2018; 
Ma et al., 2021).
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Data and Methods

Data Sources and Collection

The spatial scientometrics has been concerned with analyzing spatial aspects of 
the science system, which offers researchers a powerful methodological toolkit for 
investigating the spatial distribution, spatial biases and citation impact of scientific 
activities (Frenken, et al., 2009). This study uses spatial scientometrics to collect 
knowledge output data. To track the changing patterns of high-quality knowledge 
output in the sciences across the globe, highly cited papers are selected for their 
exceptional influence. Highly cited papers refer to document types that rank top 1% 
by citations for the research field and publication year. Although the highly cited 
papers only represent a very small fraction of knowledge production around the 
world, they have significant and broad influence across several fields. Our data is 
acquired from Web of Science database, which provides the list of highly cited papers 
during the last decade. A total of 148,583 papers in the period 2007–2017 are down-
loaded on March 15, 2018. The annual number of highly cited papers shows a steady 
increase from 10,524 to 2007 to 16,033 in 2017. It is noted that Web of Science data-
base is dominated by Anglo-American journals and English-speaking publications. 
Given the known language bias, the analytical results may underestimate some cities 
in non-English regions, like Japan and French. Therefore, the conclusion may have 
certain limitations to some extent.

The following steps are taken: first, we use Python and BibExcel to extract the 
address (city and country) information from the publication data. It is noted that cities 
in the worldwide cannot be directly compared because they are in different analysis 
scales. Metropolitan area is a suitable unit and measured by urban populations and 
built-up urban areas, which can make research outcomes more comparable (Cso-
mos, 2019). Therefore, we select Demographia World Urban Areas (DWUA) 2017 
Revision, which annually publishes metropolitan area lists that contain consistently 
defined entities (DWUA, 2017). Second, following the approach of Matthiessen et 
al. (2010), Csomos and Toth (2016), we aggregate small cities and towns into met-
ropolitan areas. For example, Cambridge, MA, USA and Medford, MA, USA are 
incorporated into Boston metro, USA. The paper uses article count (AC) to mea-
sure knowledge output, that is, a metropolitan area is given an AC of 1 for each 
article having at least one author from that metropolitan area. The metropolitan area 
is counted only once. If a city cannot be incorporated into any list, then it will be 
kept only when it has more than 10 highly cited papers published in a calendar year. 
Finally, City-by-city collaboration matrix is constructed with Python, where diagonal 
cell values denote the number of co-authored papers. The outline of the research 
methods is shown in Fig. 1.

Social Network Analysis

Social network analysis (SNA) is a promising tool for revealing cities’ power and 
position in the system, which is widely employed in city network (Alderson & Beck-
field, 2004; Sigler & Martinus, 2017). We select degree centrality measure, which 
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is the most straightforward and classic measure of node’s position, and indicate the 
number of direct partners of a city in the network, which is measured by the follow-
ing equation:

	
Di =

n∑

j=1

Dij (i �= j) � (1)

where Di is the degree centrality of city i in the network, Dij is 1 if city i and j are 
partnership, otherwise 0.

Results

The Geography of Science Cities

Our study starts with exploring the spatial evolution of scientific knowledge produc-
tion in the world. Figure 2 shows geographical distribution of science cities in 2007 
and 2017, and Table 1 lists the top 20 metropolitan areas. Comparing between two 
years produces some interesting results.

First, knowledge production is regional concentration, and intensely concentrated 
in a few large metropolitan areas. This is supported with the following two reasons. 
One is that the spatial concentration of scientific knowledge has increased over time. 
In 2007, Boston was the world’s largest city with 985 highly-cited papers, whose 
share of the global was 9.35%. The New York metropolitan area, was the top science 
city globally, with 1, 508 highly-cited papers in 2017, accounting for a 9.41% share 
of the world. There is clear evidence that the dominance of the primary city has been 
consolidated, accounting for a much higher percentage. Within many countries, the 
production share of the top science city has grown. For example, London’s national 
share of highly-cited publications increased from 36.2 to 42.1% for the period 2007–
2017.Another one is that the fastest-growing cities still tend to be large metropolitan 
areas, such as Beijing, New York and London, which indicates that the growth of sci-
entific knowledge disproportionately concentrates in a few large cities. Between 2007 
and 2017, Beijing, New York, London, Boston, Shanghai and San Francisco-San Jose 
each increased their production of highly-cited publications by more than 400 papers. 
Why is knowledge production regional concentration? From an evolutionary eco-

Fig. 1  Research design
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nomic geography perspective, the cumulative nature of knowledge is likely to lead to 
the place-dependent and spatial concentration (Heimeriks & Boschma, 2014). Scien-
tific knowledge accumulates in metropolitan areas and is spatially sticky (Markusen, 
1996), because the metropolitan areas provide opportunities for the transmission of 
tacit knowledge and face-to-face contact. In addition, the complexity of knowledge 
production has increased. Balland et al. (2020) suggest that the spatial concentration 
of scientific activities increases with their complexity.

Second, knowledge production is increasingly globally dispersed. Two main facts 
can illustrate this phenomenon. One is that the geography of knowledge production 
has significantly expanded, which indicates a de-concentration process (Grossetti, et 
al., 2014; Maisonobe, et al., 2018). There were 590 science cities that came from 111 
countries in 2007. By 2017, the number of cities publishing at least one highly-cited 
paper had increased to 930, in 147 countries, which confirms that knowledge produc-
tion is taking place in more metropolitan areas. In addition, there is a narrowing gap 
between the primate city and other cities in research production (Table  1). These 
changes suggest a more balanced distribution of scientific knowledge. Another one 
is that the spatial dispersal of knowledge production is accelerating, which is rapidly 
reshaping the landscape for science, particularly the rise of the Asia-Pacific cities. 

Fig. 2  Spatial distribution of knowledge production (2007 and 2017)
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In 2007, the top 200 cities were mainly located in two geographic regions: 39.5% of 
cities in North America and 44.5% in Europe. The top 20 metropolitan areas included 
15 North American cities and three European cities (Table 1). While a bipolar world 
was substituted by a tri-polar pattern in which knowledge production was dominated 

Table 1  Top 20 metropolitan areas in the world by knowledge output
2007 2017 2007–2017
Metropolitan 
area

Publications % of 
the 
1st 
city

Metropolitan 
area

Publications % of 
the 
1st 
city

Metropolitan 
area

Growth

Boston, USA 985 100.0 New York, 
USA

1508 100.0 Beijing, 
China

863

New York, 
USA

889 90.3 Boston, USA 1438 95.4 New York, 
USA

619

San Francis-
co-San Jose, 
USA

709 72.0 San Francis-
co-San Jose, 
USA

1115 73.9 London, UK 576

Washington, 
USA

566 57.5 London, UK 1109 73.5 Boston, USA 453

London, UK 533 54.1 Beijing, 
China

1093 72.5 Shanghai, 
China

416

Los Angeles, 
USA

499 50.7 Washington, 
USA

908 60.2 San Francis-
co-San Jose, 
USA

406

Paris, France 396 40.2 Los Angeles, 
USA

781 51.8 Nanjing, 
China

366

Chicago, USA 345 35.0 Paris, France 736 48.8 Washington, 
USA

342

Tokyo, Japan 341 34.6 Chicago, 
USA

566 37.5 Paris, France 340

Philadelphia, 
USA

329 33.4 Raleigh, USA 522 34.6 Wuhan, China 323

Raleigh, USA 298 30.3 Shanghai, 
China

512 34.0 Jeddah, Saudi 
Arabia

311

Seattle, USA 255 25.9 Toronto, 
Canada

509 33.8 Sydney, 
Australia

304

Atlanta, USA 245 24.9 Tokyo, Japan 488 32.4 Melbourne, 
Australia

288

Detroit, USA 242 24.6 Baltimore, 
USA

484 32.1 Los Angeles, 
USA

282

Toronto, 
Canada

242 24.6 Melbourne, 
Australia

462 30.6 Guangzhou, 
China

281

San Diego, 
USA

242 24.6 Philadelphia, 
USA

462 30.6 Seoul, South 
Korea

274

Baltimore, 
USA

233 23.7 Sydney, 
Australia

446 29.6 Toronto, 
Canada

267

Beijing, China 230 23.4 Seattle, USA 443 29.4 Milan, Italy 253
Cambridge, 
UK

221 22.4 Milan, Italy 425 28.2 Baltimore, 
USA

251

Houston, 
USA

214 21.7 Cambridge, 
UK

416 27.6 Barcelona, 
Spain

238
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by North America, Europe and Asia Pacific in 2017. Cities from these three regions 
accounted for 31%, 42.5%, and 22% of the top 200 cities, respectively. The top 20 
consist of 11 North American cities, 4 European cities and 5 Asia Pacific cities. In 
terms of the number of cities in top 200, China is the second only behind USA. Bei-
jing becomes the fifth largest city, and Shanghai ranks 11th. As an emerging scientific 
country, China has heavily increased its investment in science since the 1990s, with 
spending growing by 20% per year (Royal Society, 2011). The long-term government 
investments is one of the key drivers of China’s research rise (Xie, et al., 2014). From 
an evolutionary approach, knowledge production is a path-dependent process of 
branching, and the new science hotspots also appear (Heimeriks & Boschma, 2014).

The Position of Science Cities

This section focuses on the position of individual city in the collaboration network. 
Figure 3 describes the topological structure of the collaboration network, in which 
nodes denote cities whose sizes are directly proportional to degree centrality. The 
color of a node is determined by the continent to which the city belongs to. Circle 
pack layout algorithm in Gephi software is used to visualize the graph, which brings 
most connected nodes to the center and less connected ones to the margin of the 
graph. Two conclusions can be drawn.

First, the knowledge collaboration network is dominated by the Global North cit-
ies, and the traditional science hotspots have occupied central positions. In 2007, 
New York had the highest centrality and was the core of the network. Boston and 
London were ranked the second and the third, respectively. Beijing, was the only 
emerging city in the top 20 (Table 2), while others were almost located in established 
economies. In 2017, there were 18 cities from developed countries, suggesting that 
the dominance of the Global North cities remained strong in the network. London had 
the largest number of partner, and became the most connected city, followed by New 
York, Boston and San Francisco-San Jose. In sum, the Global North cities, such as 
New York, London, Paris and Boston, ranked at the top, which confirms them as the 
center of knowledge collaboration. Our finding corroborates the ‘North-South’ divi-
sion in the world city network through the lens of advanced producer service firms 
(Derudder & Taylor, 2018). From a relational perspective, knowledge production is a 
result of the interactive learning processes, and cities are embedded in the scientific 
collaboration networks (Bathelt, et al., 2004). According to social network theory and 
social capital theory, the core network position is more likely to result in the better 
performance (Borgatti, et al., 2009). Therefore, the Global North cities gain more the 
benefits of collaboration due to preferential attachment in network science (Barabasi 
& Albert, 1999). The Global North cities are more likely to become the hub for com-
munication and collaboration.

Second, the Global South cities have strengthened the centrality and influence 
in the network, and tried to move from the periphery to the core. The most forceful 
evidence is that Beijing and Moscow ranked amongst the top 20 cities globally. Bei-
jing collaborated with 705 cities, making it one of the most connected nodes (from 
thirteen to three) in the network. Moscow rose from 39th to 19th. In addition, fast 
growth cities in degree centrality are chiefly located in developing countries, such as 
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Fig. 3  Topological structure of inter-city knowledge collaboration network (2007 and 2017)
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China, South Africa, and India, implying that there is a strong diffusion of knowl-
edge from developed countries to developing countries. Between 2007 and 2017, a 
growing number of the Global South cities actively participate in global collabora-
tion network. A stark example is that three cities exhibit very fast growth, especially 
Kuala Lumpur, Johannesburg and Jeddah. The rise of the Global South cities may be 
attributed to the public good nature of knowledge, and benefits from the openness in 
science (WIPO, 2019). As Keller (2004) points out, accessing international knowl-
edge is crucial for the Global South to achieve catch-up strategy target. The Global 

Table 2  Top 20 metropolitan areas in the world by degree centrality
2007 2017 2007–2017

Rank Metropolitan 
area

Degree
centrality

Metropolitan area Degree
centrality

Metropolitan area Growth

1 New York, 
USA

392 London, UK 719 Kuala Lumpur, 
Malaysia

550

2 Boston, USA 384 New York, USA 718 Johannesburg, 
South Africa

543

3 London, UK 367 Beijing, China 705 Jeddah, Saudi 
Arabia

529

4 Washington, 
USA

355 Boston, USA 681 Cape Town, 
South Africa

501

5 Paris, France 346 San Francisco-
San Jose, USA

681 Shanghai, China 483

6 San Francisco-
San Jose, USA

339 Washington, USA 675 Perth, Australia 478

7 Los Angeles, 
USA

338 Paris, France 666 Nairobi, Kenya 474

8 Chicago, USA 313 Oxford, UK 648 Guangzhou, 
China

473

9 Tokyo, Japan 288 Melbourne, 
Australia

644 Nanjing, China 467

10 Brussels, 
Belgium

286 Milan, Italy 644 Riyadh, Saudi 
Arabia

464

11 Madrid, Spain 286 Los Angeles, 
USA

639 Porto, Portugal 459

12 Toronto, 
Canada

284 Madrid, Spain 638 Santiago, Chile 455

13 Beijing, China 284 Barcelona, Spain 634 Adelaide, 
Australia

454

14 Baltimore, 
USA

280 Berlin, Germany 634 Birmingham, UK 451

15 Philadelphia, 
USA

275 Cambridge, UK 627 Bogota, 
Colombia

451

16 Oxford, UK 273 Tokyo, Japan 626 Valencia, Spain 444
17 Milan, Italy 273 Sydney, Australia 618 Bangalore, India 444
18 Houston, USA 270 Rome, Italy 615 Liverpool, UK 443
19 Denver, USA 269 Moscow, Russia 613 Belo Horizonte, 

Brazil
443

20 Raleigh, USA 262 Copenhagen, 
Denmark

612 Pune, India 442
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South cities are making a significant impact and tries to challenge the dominance of 
the Global North ones.

The Link of Science Cities

Moving from city to tie city-pair, Fig. 4 illustrates spatial evolution of inter-city col-
laboration network. Cities are sized by the number of highly cited papers and con-
nected to each of their collaborators. The width of each line represents the size of 
knowledge collaboration. Given space constraints, only the top 5% of links are pre-
sented. Two interesting findings stand out.

First, domestic ties have dominated the high strength of bilateral collaboration, 
because the top inter-city collaborations take place in the same country. In the top 10 
bilateral partnerships, 9 city pairs took place in the USA in 2007, and this value was 
8 in 2017. Interestingly, the Nature Index science cities (2018) shows that the top 
city links chiefly takes place in their national boundaries. Boston and New York are 
the top collaborators in the network, followed by New York and San Francisco-San 
Jose, Boston and San Francisco-San Jose. In addition, 70% of city links belonged to 
domestic collaboration in the top 100 city pairs, and 62% in 2017. Most of these top 

Fig. 4  Spatial patterns of inter-city knowledge collaboration network (2007 and 2017)
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city pairs are found in the same country, and two cities within national boundaries 
are more likely to frequently collaborate, which reflects that knowledge collaboration 
production is ‘nationalized’ than ‘internationalized’ (Derudder & Liu, 2016). Some 
factors can partially explain the limited number of international interactions in the 
top city pairs: distance decay and administrative barriers. According to the first law 
of geography and the gravity law, the global diffusion of scientific knowledge faces 
distance-decay effects (Lengyel, et al., 2020; Tobler, 1970). It is widely accepted that 
the frequency of collaboration increases with a decrease in geographical distance 
(Hoekman, et al., 2009; Pan, et al., 2012), especially tacit knowledge. In addition, 
national boundaries also play an important role in the process of scientific collabora-
tion, because research institutions in the same country follow the similar institutional 
and organizational framework, and easily acquire national research funding (Cappelli 
& Montobbio, 2016; Defazio, et al., 2009).

Second, inter-national ties have absolute predominance in low strength of bilateral 
collaboration. The number of internationally urban connections have increased dra-
matically from 20,058 to 2007 to 101,311 in 2017. At the same time, the percentage 
of international city links has grown from 82.49 to 92.15%. The increasing trends 
suggest that there is a process of an ongoing internationalization of scientific knowl-
edge collaboration. However, the number of links with value equal to 1 account for 
35% of the total, suggesting that the majority of international collaborations have low 
strength and are casual interactions. The link between London and New York has the 
largest magnitude of international alliance, confirming the presence of ‘NY-LON’ in 
the worldwide knowledge collaboration. In 2007, New York and London, collaborat-
ing 83 co-publications, and were the only international city pair in the top 10. New 
York and London were also the biggest international collaborations between two cit-
ies in 2017. The prominence of the New York–London axis has been referenced in 
advanced produce services firms (Taylor, et al., 2014). The number of international 
links has greatly increased over time, which can be attributed to the globalization of 
science (Gui, et al., 2019b). Scientific knowledge production is driven by interna-
tional collaborations (Adams, 2013). From all corners of the globe, researchers come 
together to address some of the most pressing global challenges of our time and 
tackle the big questions in science (Royal Society, 2011).

Conclusions and Discussion

Based on highly cited papers data on the metropolitan area level, this paper uses a 
spatial bibliometric approach and social network analysis to explore the worldwide 
spatial evolution of high-quality knowledge output in the period 2007–2017. Draw-
ing on the literature on economics and economic geography, this study tentatively 
furthers our understanding of the nature of scientific knowledge production.

Firstly, the geography of scientific knowledge production presents the two seemingly 
paradoxical trends: regional concentration and global spread. On the one hand, knowl-
edge production is geographically uneven and intensely concentrated in a limited number 
of metropolitan areas, such as New York, London, Beijing and Paris. On the other hand, 
knowledge production is increasingly global, occurring in more and more cities, espe-
cially in Asia-Pacific cities. The two different but complementary trends, geographical 
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concentration and dispersal, are found in scientific knowledge production (Sassen, 2011). 
The ‘concentration’ terminology does not fully capture the dynamics of the knowledge 
production. Concentration and dispersion phenomena coexist, which are rapidly reshap-
ing the global landscape of knowledge production. In other words, the global spread of 
knowledge has been accompanied at city level by increased concentration within a few 
large metropolitan areas (WIPO, 2019).

Secondly, the Global North cities have occupied central position, while the rise of the 
Global South cities have gradually increasing influence in the network. On the one hand, 
the degree centrality ranking confirms dominance of the Global North cities in scientific 
collaboration. About 90% cities among the top 20 come from the established economies, 
such as London, New York, Boston, San Francisco-San Jose and Paris, which have a 
number of partners, and became the most connected nodes in the network. Cities located 
in developed countries are more actively integrated into the international collaboration 
than counterparts in developing countries. On the other hand, the Global South cities are 
rising, including Beijing, Moscow, Seoul, Sao Paulo, Shanghai and Cape Town. Those 
cities can be classified as ‘fast growing’ in degree centrality, and the number of partners 
has increased dramatically.

Thirdly, domestic links are dominant in high strength of collaboration, while many of 
international collaborations are weak. More than two out of three inter-city collaborations 
belong to intra-national links in the top 100 city pairs. The collaboration between New 
York and Boston is the largest inter-city links. There is limited international interaction in 
knowledge production, in spite of the rise of collaboration networks. Inter-city collabo-
rations are heavily skewed towards domestic interaction, because the top collaborating 
links are located in the same country. It is noted that this tendency towards being inward 
looking shows a gradually decline in the period 2007–2017. As the rise of network, inter-
national collaborations are rapidly expanding. However, the majority of international col-
laborations have low strength and are casual interactions.

Despite that this paper is interesting, we have to acknowledge the limitations of this 
research. First, knowledge production is an abstract concept, so that it is difficult for sci-
entific papers alone to fully capture the dynamics of the knowledge production. At the 
same time, not all scientific activities necessarily result in the publication of research 
articles (Royal Society, 2011). In addition, the highly cited papers data is updated regu-
larly and may change in the following periods, and only represent the part of knowledge 
production. Second, Web of Science database are highly skewed towards English-speak-
ing journals and Anglo-American journals, conforming to the fact that contemporary aca-
demic paradigm is dominated by Anglo-American hegemony (Aalbers, 2004; Derudder 
& Liu, 2016). Therefore, our finding would be very careful. Third, this study uses article 
count, to calculate the number of highly cited papers on the metropolitan area level, which 
means that the same article can contribute to the AC of multiple metropolitan areas. The 
fractional count takes into the share of authorship on each article account, and provides 
more real information (Csomos, 2019; Maisonobe, et al., 2016).

With regard to future research agenda, there is three directions to be done. First, 
knowledge production is dynamic: the emergence of new research topics and the disap-
pearance of existing topics in cities. For a better interpretation of knowledge production, 
our future work will investigate the evolution of knowledge trajectories in cities. Recent 
examples include studies by Boschma et al. (2014) and Nomaler et al. (2016) on scien-
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tific knowledge dynamics in biotech cities as well as technological trends of inventive 
clusters. Second, knowledge production take place not just at city level but at regional, 
national, and global scale. Due to spatial reflexivity, a multi-scale analysis may provide 
novel insights. Third, the new and advanced approaches are used to address the chal-
lenges of spatial scientometrics on the city level, such as machine learning and artificial 
intelligence (Csomos, 2019; Fortunato, et al., 2018). These new tools may significantly 
improve the reliability of research results.
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