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Abstract

The prevalence of multi-national and cross-disciplinary collaborative in the production of
knowledge defines modern science as a social enterprise that extends beyond political, social,
and geographic boundaries. The purpose of this study was to assess global trends in the
composition and impact of multinational research teams. By examining the bibliometric data of
3.7 million primary research articles published from 1975 to 2005, it was ascertained that the
frequency and scale of international collaborations has increased globally. Of note, the
publications of many countries associated with lower research output were more often
consistently affiliated with other nations across the time frame studied. By analyzing the
number of times a publication is cited, it was discovered that multinational research studies
have a greater research impact than research without an international presence, although the
number of affiliated nations does not strictly correlate with citations. Taken together, this study
provides insight into the dynamics of research teams which may better inform us how scientific
partnerships between countries may be fostered and which collaborations may be

advantageous.
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Introduction

Scientific discoveries are traditionally recognized as the feat of individuals or small
teams. For example, internationally renowned science prizes such as the Nobel and Lasker
awards are bestowed to no more than three persons per achievement under conventional
provisions. Archival evidence also supports the dominant role of individuals in early scientific
research, given that nearly all scientific papers published before the 1920s had no more than
one author (1-3). However, since the second half of the 19" century, the number of one-author
manuscripts has declined exponentially (3, 4). Beginning in the 1950s, multi-author and multi-
institute research papers have emerged as the primary products of scientific research in both
the natural and social sciences with hundreds of papers currently published each year having
more than a hundred authors and even a handful with more than a thousand authors. This
paradigm shift in scientific publishing suggests that scientific research has evolved from a
singular enterprise into an expanding social endeavor (5).

If contemporary scientific research is defined as the cumulative effort of the scientific
community, it can be inferred that all scientists must lie within a global social network which
allows them to integrate their own research into the general body of knowledge. Derek de Solla
Price first applied the term invisible college to describe the informal exchange of information
and personal interactions among scientists that enable them to directly or indirectly affect one
another’s work (6, 7). This system of communication was proposed to underlie formal ties and
collaborations that could be discerned through co-authorships in published works. As
previously mentioned, multiple studies have demonstrated an increasing number of total
authors and thus, collaborations in science publications. This trend is perhaps anecdotally
unsurprising given that research collaboration has been widely upheld as an advantageous or
essential process with few detriments in the advancement of scientific knowledge (1, 5, 8-10).
Indeed, much evidence supports a positive impact of collaboration in science: increased levels
of research collaboration between individuals, disciplines or institutes are correlated with
greater manuscript quality, scientific output, citation number, and rates of manuscript

acceptance (2, 5, 11-14).



Several caveats exist in these assertions which undermine a straightforward
interpretation of the effect and relevance of collaboration in the scientific process. First,
collaborations are associated with higher citations when collaborations are with higher tier
research institutes (ranked by the number of citations), but less or oppositely so with lower tier
institutes (5). In addition, among ecology publications, international collaborations are more
common in European countries than in the United States, but lead to fewer citations (15).
Second, when citations are divided by the number of co-authors in a research paper (fractional
count), collaboration is not significantly correlated to publishing productivity (16). The average
number of science papers per scientist across the natural sciences has not increased in the last
few decades, suggesting that science output is a function of total authors rather than
collaboration (17). Third, while manuscript acceptance is associated with author number, an
affiliation with English speaking or economically developed countries is also correlated with
more favorable scientific review (18). Collectively, when confounding factors such as geography
or the fractional count are accounted for, it becomes less clear to what extent collaboration
positively or negatively impacts science, possibly due to the inequitable and unpredictable
nature of collaborations.

Further studies are warranted to define strict conditions and contexts where a collective
effort is beneficial, efficient, and synergistic rather than additive in impact. Such findings would
be crucial because the risks of collaborations, including opportunity costs (the value of an
alternative investment that was forgone), diminishing marginal returns and increasing
management and administrative expenses, have not been well elucidated and are likely not to
be appreciated, even though they may be significant. For example, incentivizing international
collaboration may impede internal development by discouraging domestic partnerships and
promoting specialization over diversification of research in effort to be appealing affiliates. A
corollary of such policies may be the formation of exclusive cliques, which is supported by an
analysis of normalized co-authorship network structures of collaborative publications showing
that most multi-country partnerships are established within a 14-member core group that has

shrunk during the period from 1990 to 2005 (19).



Recent grant initiatives, including the United States National institute of Health’s Clinical
and Translational Science Award program, European Union’s Seventh Framework Programme,
and Germany’s Deutsche Forschungsgemeinschaft Mercator Programme, have been launched
worldwide to promote research collaboration between countries. Such funding schemes
support joint efforts between labs, nations, and academia/industry, and demonstrate the
perceived worth of international research teams. However, it is not clear whether political and
financial policies are effective in guiding research strategies or advancing scientific knowledge.
In fact, the number of new molecular targets and drug approvals in the past decades has
dramatically fallen behind the rate of spending in translational research, demonstrating that
common assumptions about investments or policies needed to promote scientific progress may
not be valid under certain circumstances (20, 21). Nonetheless, given the importance of
research collaboration in the agenda of scientists and governments globally, the purpose of this
study is to define networking trends within authorship structures of primary research articles
with a focus on country-level relationships. | hypothesize that collaborations between countries
have increased globally over time in part due to the increasing scale of research studies being
conducted that require a wide scope of expertise in difference subjects and the development of
technologies that allow rapid communication worldwide. The citation impact of international
collaborations over time is also investigated. By elucidating how international collaboration in
research and its impact has changed over the last few decades, insights may be gained into the

evolving behavior and utility of scientific international relationships.



Materials and methods
Data collection

Bibliometric records of primary research articles published from 1975 to 2005 were
downloaded from the Thomson Reuters Web of Science (WQOS) database between March 2012
and December 2012. To query primary research articles, WOS publication results were refined
using Boolean operators to include only English language entries coded as article document
types without anonymous authors. Publications coded in the WOS as article document types
are distinguished from non-primary research articles if they include more than 100 references
and contain the words “review” or “overview” within the title. Records with missing or

unreliable data in any record field were excluded from this study.

To extract the country of origin, unique text strings corresponding to a country’s name were
ascertained within the author address and reprint address field tags to ensure that only one
country was recognized from each address. Data from countries which have changed their
names or composition since 1970, such as the USSR, Yugoslavia, Germany, and Czechoslovakia,
were incorporated into the publication counts of modern sovereign states which are politically
and geographically representative of the previous entity or succeeded the previous state

identity.

Statistical analysis

The Student’s t-test was used to determine a significant difference between mean citation

counts between publications published in 1975 and 2005.



Results

By examining 3,730,067 primary research articles published across 7 years from 1975-
2005, it was determined that the number of publications with authors associated with two or
more countries has increased rapidly especially between 1990 and 2000 (Fig. 1). This may be
explained by the fact that the number of authors in each publication has been increasing over
time as seen in Figure 1, which may increase the coincidence of additional country affiliations.
However, it is apparent that the rate of increase in the mean number of authors per publication
is subtle and is therefore not likely to contribute significantly to the surge in international

collaborations.
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Figure 1. The rise of international collaboration and authorship. The number of publications
affiliated with at least two countries was divided by the total number of publications published
each year and plotted over time. The number of authors was similarly divided by the total

number of publications each year and plotted over time.



Next, the scale of multinational collaboratives was assessed by classifying publications
according to the number of nationalities represented. As seen in Figure 2, the number of
publications composed of 2, 3-5, and 6 or more different national affiliations has increased
from 1975 to 2005 nearly 4, 16, and 24 fold respectively. Interestingly, the rate of increase in
the number of publications with greater than 5 national affiliations is greater than that of
publications with 3-5 national affiliations which in turn is greater than that of publications with
2 affiliated countries (Fig. 2). Taken together, these results indicate that the rate of increase in
paired relationships in international research is diminishing over time due to the nearly
exponential rise of large scale collaboratives. However, it should be pointed out that the
number of publications with 2 national affiliates is still the largest category, suggesting that the

barriers to collaboration may be lowest when it is with only one other country.
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Figure 2. Quantifying the change in the composition of national affiliations. Publications were
stratified into three groups based on the number of associated countries and their sum was

plotted over time.



To examine individual collaborative behaviors, the number of publications with multiple
national affiliations was quantified for each country and portrayed as a heat map (Fig. 3).
Because the same scaling of color intensity must be applied to all countries, it becomes difficult
to grossly assess collaborative trends due to the majority of research production being
concentrated in a small group of states. However, by setting the maximal value for scaling at
1000 publications, it becomes apparent that only a few countries consisting of many developed
states, including the US, Canada, UK, Switzerland, France and Italy, contribute substantially to
the total number of collaborative papers. By normalizing data within each country (row), it is
possible to discern how individual collaborative behaviors have changed over time (Fig. 4).
Consistent with a global increase in research connectedness, Figure 4 demonstrates how nearly
all countries uniformly show increased rates of collaboration over time. Certain exceptions
involve countries with a small research output and thus their data may not be appropriately

generalized in these results.
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Figure 3. Heat map representation of collaborative research output by country. The number of
publications with two or more national affiliations was quantitated by country. Color intensity

was based on a 0-1000 scale. White boxes represent a lack of publications for that year.
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Figure 4. Heat map representation of normalized collaborative research output by country. The

number of publications with two or more national affiliations was quantitated and then

normalized by country.

Lacs

Latuvia
Labaran
Lesotho
Liberia
Libua
Lizchtenstein
Lithuaria
Luxermboura
Hacedonia
Hadaaazscar
Halawi
Halauzia
Haldives
Hali

Halta
Harshall Islands
Haur-itania
Hauritius
Hexico
"Hicronesiar Federated States
Holdowa
Homaco
Homaolia
Honteneara
Horocco
Hozarbique
Namibia
Hepal
Netherlands
New Zealand
Hicaragua
Niger
Higeria
Norwad

Orear
Pakiztan
Palau
Panara
Paraquay
Paru
Fhilippine=
Poland
Portugal
Ratar
Romania
Russia
Ruwarnda
faint Kitts and Mevis
Saint Lucia
Saroa

£

Saudi Arabia
Ceheaal
Serbia
Seuchelles
Sierra Leone
Cingapore
tlovenia
Solomon Islands
Sormlia

South Africa
Spain

Sri Lanka
Sudan
Swaziland
Sudeh
Switzerland
Suria

Taiwan
Tajikistan
Tanzania
Thailand

Toao

Toraa
Trinidad and Tobaao
Tunizia
Tur-hkey
Turkmenistan
Tuualu

Ugarnda
Ukraine
United Arab Emirates
United Kingdom
United States
Uruauay
Uzbekiztan
Uanuatu
Vatican City
Uenezuala
Wiztram

rr

Zambia
Zimbabue

11



Developed countries have a critical advantage in science because they are able to commit large
investments into research and develop the infrastructure necessary for specialized studies. This

may translate into greater collaborative opportunities for developed countries because they are

the most attractive candidates for joint efforts since they are more likely to provide indispensable

resources and experience. However, when the fractional collaborative research output was
determined for each country, the greatest percentage of multinational efforts is seen among
developing countries and nations with relatively lower research output, such as Belize, Chad,
Congo, Ecuador, Gabon, and Mongolia (Fig. 5). This finding was consistently observed
throughout the years analyzed in this study which suggests that while most countries are
becoming increasingly linked through research over time, developing countries are the most

reliant on collaborations for knowledge production.
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Figure 5. Heat map representation of the fractional collaborative research output by country. For
each country, the number of publications with two or more national affiliations divided by the
total number of publications. White boxes represent a lack of publications for that year.
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The relative impact of international collaboration in research over the span of the present
study was determined by quantitating citations in 1975 and 2005. As seen in Figure 6, there is a
correlation between the citation impact of publications and the number of international
affiliations. Interestingly, there was a significant citation advantage (p<0.001) of papers with one
or two national affiliates published in 1975. However, papers with three national associations
had a dramatic citation advantage (p<0.001) if they were published in 2005 as opposed to
1975(Fig. 6). The mechanism behind this phenomenon is unclear, although it may be influenced
by temporal changes in the nature and efficiency of joint research ventures.

14
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Figure 6. Correlation between citation count and the number of national affiliations of a
publication. Citations of publications published in 1975 and 2005 were quantitated and compared
using the Student’s t-test. Asterisks denote p<0.001.
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Anecdotally, it seems logical that collaboration may foster creativity, increase utilization of
resources, and thus yield high-impact research studies, but this concept has not been wholly
scrutinized. As previously noted in Figure 6, the number of national affiliates appears to be a
conserved positive regulator of research impact. However, when the mean citation of
publications in 1975 with more than three national affiliates is assessed, the positive correlation
between citation count and the scale of international collaboration appears tenuous (Fig. 7).
Similar findings are observed with publications from other years which may indicate a
diseconomy of scale when collaborations may become too large and thus inefficient.
Collectively, these results imply that scientific collaboration may benefit research impact, but
there may be a threshold after which adding more international partners may create diminishing

returns.
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1975 were segregated by the number of national affiliations and their citations averaged.
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Discussion

In this study it was demonstrated that in the last four decades, most countries became
more intimately linked through scientific coauthorships. In addition to the increasing frequency
of international collaborations, it was observed that large scale relationships involving three or
more countries were the fastest growing collaborative structures. This may indicate that
collaborative ventures are currently more accessible and feasible given the substantial
technological improvements made since the 1970s. Of particular importance, it was discovered
that collaborative publications constitute a considerable portion of the total research output of
developing countries rather than that of developed nations. This demonstrates how
collaboration may be a key resource for knowledge production to allow certain countries to
serve as critical nodes linking other countries in scientific research. It would be of great interest
for future investigations to assess the dyadic partners of collaborations for each country in
order to clarify how and why scientists in developing nations are becoming intricately
connected to their international peers.

This study provides evidence that is contrary to the widely held assumption that
collaborative research efforts lead to higher impact publications. Although it was indeed
observed that publications with up to 3 national affiliations receive more citations, the citation
benefit did not appear to be consistently additive in larger collaborative structures. It is
important to note that an assumption of this study is that article citation and research impact
increase in parallel. This has been the subject of much controversy, given that citations may be
influenced by open access, the availability of raw research data, the country of origin of
authors, and co-authorship networks (22-25). Further studies may be able to control for such
confounding factors to accurately determine how citation measures or other metrics may be
used to appraise the value of international collaborations in science.

Whether co-authorship is a suitable assessment of a collaborative relationship is
contentious given the significant drawbacks in the use of authorship as a surrogate indicator of
research efforts. First, authorship may not accurately portray qualitative or quantitative
differences in the contribution of each author. Although it is often customary that the first

(lead) author and last author are credited with making the greatest overall input, this is not an
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absolute practice (26-29). Instead, author positions are often arranged in a manner dictated by
personal preference, norms in the research specialty, or institutional policies (30, 31).
Consequently, the weight or characteristics of an author’s contribution or collaboration may
not be determined by author position (i.e. an author placed in the second author position may
or may not have been the second most important collaborator). Second, a universal standard
for authorship criteria is lacking. The International Committee of Medical Journal Editors
(ICMJE) has established uniform requirements for authorship to remedy this dilemma, but a
large proportion of journals either do not have explicit authorship policies or do not use ICMIJE
guidelines. It is also impractical for journals to enforce authorship requirements due to a lack of
transparency and consensus in authorship information (32, 33, 8, 34-38). Unfortunately, the
increasing average number of total authors in science publications may actually be inflated by
“honorary” authorships in many journals irrespective of impact factor or field of study.
Considering all these factors, collaborations and co-authorships cannot be fully quantified by
authorship lists. Nevertheless, co-authorship is a readily accessible and archived component of
science publications that remains a popular and widely employed index to measure
collaboration based on its enduring, quantifiable and objective utility in systematic analysis. In
this study, it is presumed that authorship designates a collaborator worthy of acknowledgment
who is jointly responsible for the integrity of the study without regard to the actual nature of
the contribution (39).

This study provides a macro-level analysis of collaborative behaviors in science.
However, the precise mechanism underlying the willingness of a country to adopt international
relationships in its scientific endeavors is likely partly derived from a micro-level cost-benefit
analysis. As reviewed by Bukvova (40), many studies indicate that collaboration is rewarding for
scientists by allowing them access to other expertise, resources, and skills. Interestingly, in large
research groups, publishing endurance over long periods of time is dependent on rapid
turnover rates, but in small research groups, stable relationships are needed (41). This suggests
that the active publishing lifespan of individual scientists is dependent on the dynamics of their
collaboration with others. In addition, because collaborations are viewed by many as

corresponding with scientific productivity, mutual relationships may be sought after as a means
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of attaining funding, promotion, hiring, and reputation. Taken together, these results suggest
that research collaboration have both micro- (scientist) and macro- (country) level
consequences, although the scale dependent effects of collaboration may be difficult to

distinguish and are not within the scope of this study.
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Future directions

Authorship dynamics and team compositions vary between fields of research suggesting
that collaborative behaviors may also be different among scientific disciplines. These disparities
may be influenced by the type and quantity of resources needed to conduct investigations
pertaining to a subject field. Thus, it may be instructive to assess how nationality and research
disciplines may be linked to international collaborations and their outcomes. This may be
crucial in determining how governing policies may impact creativity, efficiency, and productivity
differentially among scientists of different backgrounds and interdisciplinary research.

One limitation of this study was that co-authorship positions were not taken into
account, even though they may be important determinants in how research collaborations
actually operate. Future studies elucidating how co-authorship structures are spatially
organized and determining whether different weights may be attached to each author position
may allow for the proper allocation of credit and thus permit an exact analysis of the nature of
a collaborative effort.

Other forms of intellectual exchange including patents, book chapters, and industrial
relationships may also contribute to knowledge production and their inclusion in a future

analysis may provide a more comprehensive portrayal of the global scientific network.
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Conclusions

This study demonstrates that multinational teams have an increasing role in the production of
knowledge and are evolving into larger scale structures of three or more nationalities. It was
also shown that developing countries are more often associated with international
collaboratives when compared to developed countries. Lastly, the citation advantage of
international collaborations diminishes with larger collaborations (three or more national

affiliations) irrespective of the year of publication.
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