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defined as having more than one country among all author affiliations,
and the number of national affiliations was calculated from the sum of
unique country partners in a paper.

In examining global changes in research behavior, we found that the
ratio of authors and countries to publications in all research fields has
steadily risen over time with a marked surge apparent by the 2000s
(Fig. 1A). Grouping publications by categories of author team sizes
demonstrated the waning dominance of small team (composed of
two to four authors) publications and a rapid decline in the proportion
of single-authored works (Fig. 1B). This was contrasted by an increase
in the fraction of papers attributed to medium team (composed of five
to eight authors) and large team (composed of more than eight authors)
papers. An analogous dissection of publications by categories of country
team sizes showed a preponderance of single-country publications that
has steadily diminished, an increase in the proportion of small country
team (composed of two countries) research, and seemingly marginal
changes in the proportion of medium (composed of three to four coun-
tries) and large country teams (composed of more than four countries)
(Fig. 1B). Similar results were seen in the subset analyses of papers that
had been sorted into technology and engineering, physical, life, social,
and arts disciplines with some caveats (fig. S1). In particular, solo

authors in the arts were the principal knowledge producers in the
1970s and have only experienced a slight relative decline since. Mean-
while, the dominant contribution of solo authors in the social sciences
has ebbed with the emergence of principally small team size papers by
the late 1990s. It is important to note that despite large shifts in the re-
lative contribution of different team sizes to the aggregate body of
knowledge, the absolute number of papers credited to all classes of au-
thor and country team sizes has actually increased over time. For exam-
ple, whereas large author team output has grown from 667 to 87,525 papers
between 1973 and 2009, single-authored works have also grown from 73,035
to 110,785 papers in the same time period. Similarly, notwithstanding con-
trasting trends in their relative publication output, large country teams
and small country teams have increased publication production from
28 to 5507 papers and from 208,917 to 825,956 papers, respectively.
Notably, despite diminutive changes in the absolute research contri-
bution of larger country teams, closer scrutiny of relative changes in
publication patterns demonstrated that large country teams have exhib-
ited near-exponential growth over time among all research disciplines
except for the arts (Fig. 1C). They were also the fastest-growing collab-
orative structure, followed by medium and then small country relation-
ships. This pattern was conserved but attenuated in recent years (fig. S2).
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Fig. 1. Demographic shifts in knowledge producers. (A) The ratio of countries per publication was averaged for each time period and research
discipline. Data were further normalized to data from 1973 to show relative changes over time. (B) Proportion of publications produced by different
team sizes stratified by number of authors or countries. Single, small, medium, and large teams denote one author or country, two to four authors or
two countries, five to eight authors or three to four countries, and more than nine authors or five countries, respectively. (C) Fold change in pub-
lication number by different country team sizes over different decades relative to 1970s data.
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The differing behavior of arts publications, distinguished by the persist-
ence of single-country papers and the rapid rise of paired and medium
but not large country team sizes, likely pertains to field-specific norms of
knowledge creation that remain to be defined. Notably, our study uses
papers as proxies for research teams, and the marked increase in large
country team papers may be secondary to their increased productivity.
The fact that small country teams still constitute the great majority of all
multinational research suggests that barriers to collaboration are least
when it is with only one partner.

Citations and international collaborations

We next sought to compare the citation impact of papers involving in-
ternational authors and papers exclusively involving domestic authors.
Across all disciplines and conserved over time, a multinational presence
was coupled with a decreased probability of not being cited and an
increased probability of being among the most cited papers (Fig. 2, A
to D). Differences in the probability of not being cited or being highly
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Fig. 2. Increased citations are associated with multicountry collab-
orations. (A and B) The probability of not being cited is decreased in col-
laborative papers compared to singular-nation papers, and this was
conserved across subject areas (A) and time (B). (C and D) The increased
probability of being highly cited (being in the top percent of all articles pub-
lished in a given year by citations) was also conserved across subject areas (C)
and time (D). All data were found to be significant (P < 0.001) using the x>
test. (E) The citation advantage ratio, defined as the mean citation of multi-
national papers divided by the mean citation of singular-nation papers, was
calculated for the indicated years. Citations of multicountry and singular-
nation papers were significantly different (P < 0.05) for all comparisons
except for years 1973 and 1982 in the arts discipline. ns, not significant.
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cited were not different over time. Congruent with this finding, the ratio
of citations garnered by international collaborations versus domestic
collaborations was always greater than 1 but largely static over the last
few decades (Fig. 2E).

Larger author compositions were previously shown to be associated
with greater citation rates (I). Thus, an increased number of authors in
multicountry collaboratives could confound our previous assertion that
multination affiliations in research are associated with a heightened ci-
tation impact. To disambiguate the influence of national affiliations
from author numbers, we analyzed citation rates of all publications
stratified by authorship composition that showed a dose-dependent re-
lationship between the number of country partners and citations among
small (composed of 2 to 4 authors), medium (composed of 5 to 9
authors), and large (composed of 9 to 20 authors) teams. However,
the association between citations and national affiliations per paper
became less apparent in publications authored by mega teams (com-
posed of more than 20 authors) over the different time periods studied
(fig. S3, A to D). An exception to these results was seen in data from
1973, where no papers could be classified into the mega team category,
although ambiguous citation benefits were nonetheless noted in large
teams (fig. S3E). As a robustness check, we also analyzed the top fraction
of papers with the most authors from multiple years and showed an
enduring lack of difference in citations between domestic and interna-
tional collaborations (fig. S3F).

Declining citations per capita with increasing author

team sizes

Given a dearth of papers written by large author teams within the arts
and social science disciplines, we focused our subsequent citation analy-
ses on papers pertaining to the life, physical, and technology and engi-
neering sciences. When we examined the underlying distribution of
citations before data binning, the disassociation between author
numbers and citations was apparent when author team sizes grew be-
yond 20 members (mega teams) in all subject fields (Fig. 3A and fig. S4).
These findings suggest a declining or detrimental effect of either author
or country numbers on citations. This would be consistent with disecon-
omies of scale observed in many human endeavors with marginal costs
increasing once firms or organizations surpass an optimal mass. We
tested this hypothesis using generalized linear models (GLMs) to quantify
the relationship between citations and researcher team size. Specifically,
we used GLMs, a generalization of linear regressions that allows for
skewed distributions of response variables, because of the non-normal
distribution of citations. Whereas the contribution of an additional
country or author was positive and comparable when analyzing all pub-
lications in recent years, subset analyses of top-ranked papers by team
size, defined by being at least within the top 1% of all papers ranked by
the number of authors, countries, or institutional affiliations, showed a
reduced or even deleterious effect of additional authors across different
years (fig. S5, A to C). The application of different criteria for larger
teams did not change our results, suggesting that decreased citations
per capita among top-ranked papers are not strictly dependent on a
precise definition of team sizes. However, the median author count
of the top 1% of papers ranked by any authorship attribute was about
20, indicating some redundancy in the composition of analyzed
papers. The citation gain related to national affiliations was largely
preserved or increased among large-team papers. An expanded anal-
ysis of more than 10 million papers published over a decade also
showed a decreased or inhibitory effect of author numbers on citation
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Fig. 3. Diseconomy of scale in citation benefits among papers produced by large teams. (A) Mean citations for different author team sizes.
(B) The expected citation gain from additional authors or national affiliations was determined using a GLM of all publications (far left column) and the top
1 or 0.5% of papers (as indicated) after they were ranked by increasing author, country, or institute numbers. Regression coefficients were significant for all
models (P < 0.01). (C) The citation benefit of additional national affiliations (top panel) and authors (bottom panel) was determined for specific team
masses as defined by author and country counts, respectively. Lightly shaded areas surrounding lines depict 95% confidence intervals.

gains across different definitions of large team sizes after adjustment for
year of publication and subject field content (Fig. 3B). Although the
length of articles and number of references in a paper have been previ-
ously reported to correlate with citations, inclusion of the total number
of pages or references in regression models did not change the effect or
significance of our results (22, 23).

To elucidate circumstances in which additional national affiliations
or author count have provided the greatest citation benefit, we assessed
citation gains from either an additional author or country for different
author or country team sizes, respectively. Among all publications, there
was a slow rise in citation benefits from national affiliations with
increasing author team sizes, peaking at 18 individuals, before a sharp
decline (Fig. 3C). The citation gains for additional authors also in-
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creased with growing country team sizes, peaking at five national mem-
bers, before declining (Fig. 3C). These results allude to optimal team
sizes in citation benefits and demonstrate both efficiency and in-
efficiency in scaling for multinational teams. However, unlike for author
numbers, the citation benefits for country affiliations near but have yet
to reach or fall below zero.

Citation impact of the number and order of

international authors

We next sought to determine whether the number or organization of
international authors (with respect to the first author’s national affil-
iation) in multinational papers was also associated with citation out-
comes. Because of the lack of authorship detail captured in our
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