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The Scientific Wealth of Nations

Robert M. May

The United States took much pleasure last
summer from its performance in the Olym-
pic Games, where it won many more medals
than any other country. But was this the
right measure of performance?! Counting
four points for gold, two for silver, one for
bronze, and calculating the score relative to
population size, a different picture emerges.
Tiny Tonga was first, Australia led among
the larger economies, and overall the Unit-
ed States tanked 37th, well behind most of
the European countries (but not the United
Kingdom, a lamentable 48th).

Similar questions arise when we ask
about the quality of the scientific research
output of countries. Fot many purposes,
most notably overall advance in our under-
standing of nature, it is total output that
matters. For other purposes—for example,
in producing trained people or for under-
pinning industrial advances—output rela-
tive to country size [measured by popula-
tion, gross domestic product (GDP), or oth-
er things] is more relevant.

In this paper I offer comparisons, from a
variety of viewpoints, of scientific research
outputs among several countries. I derive
my analysis from a recent United Kingdom
benchmarking study (I), which in turn
draws heavily on earlier work (2—4), partic-
ularly an analysis of Australian research (5).
These studies are all based largely on the
Science Citation Index (SCI), established
by the Institute for Scientific Information
(ISI). This database covers scientific re-
search publications from 79 countries and
more than 4000 journals since 1981. The
database has many shortcomings and biases
(6), but overall it gives a wide coverage of
most fields. We studied the 14-year period
from 1981 to 1994, in which the ISI data-
base totaled 8.4 million papers and 72 mil-
lion citations.

Publications and Citations

The top 15 countries, ranked by the contri-
bution of their scientists to the world’s total
number of publications in science, engineer-
ing, and medicine, from 1981 to 1994 (7, 8)
accounted for 81.3% of the world’s papers
(Table 1). The top seven countries were the
world’s seven largest economies, the so-
called G7 countries. The United States was
dominant, publishing around 35% of the
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world’s science. The United Kingdom was
second, ahead of more populous countries
like Germany, France, and Japan. The 15
countries that constitute the European
Union (EU) rivaled the United States and
produced ~32% of all papers (2, 5).

In terms of these countries’ percentage
shares of all citations, the rankings are sim-
ilar except for India and China. The relative
citation impact, RCI [citations divided by
publications (6, 9)], gives some measure of
the quality of the average paper. In terms of
the RCI, the United States still ranks first
(10), and the top 15 countries by publica-
tions share include the top 8 by RCI, al-
though significantly reshuffled. Only three
of the G7 countries (United States, United
Kingdom, and Canada) rank in the top 10 by
RCI; the fourth is France, at 14th.

The top five countries by publication
shares, which are also the five largest econo-
mies, invest proportionately more in research
and development (R&D) than do most other
countries (Table 1). The smaller countries
with high-ranking RCI, notably Switzerland
and Sweden (second and third by RCI), are
relatively high investors in R&D. India and
China have low R&D investment and also
have a low RCI.

The above analysis can be broken down
by field (Table 2) (7). As expected, the
United States ranked first by citation shares
in all 20 fields we discriminated; percent-
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ages ranged from 70% (in psychology) to
37% (in chemistry). The United Kingdom
was second in 15 of the 20 fields, and placed
lowest (fifth) in physics. The rankings are
more varied when the quality measure of
RCl is used, although the United States still
showed strongly, followed by Switzerland,
Sweden, United Kingdom, and others.
Bibliometric analysis can also uncover
patterns of relative investment or relative
advantage of a country in a particular sub-
ject, compared with the world average. The
Australian study (5) defined a country’s
“revealed comparative advantage” (RCA)
in a specified scientific field as the fraction
of all that country’s citations (or papers)
that are in that particular field, relative to
the fraction of the world’s citations that are
in that field (11). Thus, if the RCA is well
above 1, a comparative advantage is re-
vealed, and vice versa. As shown in Table
2, on the basis of this index, the United
Kingdom has a strong comparative advan-
tage in pharmacology, clinical medicine,
plant and animal science, and neuro-
science. In view of both the RCI and RCA,
it appears that the United Kingdom is
strong in biological and biomedical re-
search, and has absolute strength across a
broad range of scientific disciplines. This
conclusion accords with a separate recent
review of the U.K. science base (12).
Similar analyses for other countries (5)
suggest that some smaller European coun-
tries (Denmark, Sweden, and Switzerland)
have prominence in biomedical research.
The Asian economies have prominence in
research related to certain industries (such
as engineering, computing, chemistry, and
materials). Some countries (Australia, Can-

Table 1. The world’s top countries, ranked by their share of the world’s papers in science, medicine,
and engineering (6). The table also shows citation shares, RCI (9), expenditure on R&D (22), and a
measure of cost-effectiveness: citations per unit of government expenditure on R&D in G7 countries (in
boldface) (7). Citation values are for the yearly average for the period from 1981 to 1984; expenditures
are in £million and for 1991. Data for %GDP spent on R&D are for 1994, except for 1993 for Netherlands,
Denmark, and Sweden and 1992 for Australia and Switzerland.

Citations per £million

Share of ~ Share of RCI GDP spent
Country Abbr. o

papers citations (rank) on R&D Total Civil
United States us 34.6% 49.0% 1.42(1) 2.5% 60.0 148.7
United Kingdom UK 8.0 9.1 1.14 () 2.2 938.2 168.2
Japan JP 7.3 5.7 0.78 (18) 2.9 43.5 46.1
Germany GE 7.0 6.0 0.86 (15) 2.3 34.7 39.0
France FR 5.2 4.5 0.87 (14) 24 25.2 39.4
Canada CA 4.5 4.5 1.00 (7) 1.6 113.7 121.4
Italy T 2.7 2.1 0.75 (19) 1.2 22,5 24.4
India IN 2.4 0.7 0.27 (66) 0.7
Australia AU 2.1 2.1 0.97 (8) 1.6
Netherlands NE 2.0 2.2 1.10 (6) 1.9
Sweden SE 1.7 21 1.24 (3) 3.3
Switzerland SW 1.4 1.9 1.37 (2) 2.7
P.R. China PR 0.9 0.3 0.27 (65) 0.5
Denmark DE 0.8 1.0 1.16 (4) 1.8
Finland FN 0.7 0.6 0.9 (12 2.4
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ada, New Zealand, and South Africa) have
prominence on research based on natural
resources; for others (the scientifically
strong United States, Japan, France, and
Germany, and the scientifically weak Papua
New Guinea and Thailand) no particular
pattern of specialization emerges.

A measure of evenness of a country’s
scientific effort is given by the variance of
the distribution of its RCAs (by papers or
citations) for the 20 fields specified by the
ISI (13). The United Kingdom has the low-
est such variance (by papers) or greatest
evenness in its patterns of scientific capabil-
ity among the 20 fields. The United King-
dom is followed by Germany, United States,
Netherlands, Switzerland, and France (14).
It is not surprising that the countries with
larger economies show such relative even-
ness, but the presence of small countries such
as the Netherlands and Switzerland (where
many would expect preponderant invest-
ment in pharmacologically related research)
is somewhat surprising. Most of the Asian
countries that are emerging as scientific
powers, in contrast, have uneven patterns
(for example, Philippines, China, Indonesia,
Singapore, Thailand, and South Korea).

Similarly, evenness in quality can be
estimated by calculating the variance in the
appropriately normalized distribution of a
country’s RCIs among the 20 fields (15).
The greatest evenness in quality, by this
measure, is shown by Australia, followed by
the United Kingdom, Netherlands, France,
Finland, Canada, and United States (16).

This and the analysis above and in Table 2
indicate that the distribution of the data for
the 20 fields for the United Kingdom is
more tightly clustered than for any other
country. Whether this is a good thing is
another question.

Consideration of a country’s share of the
world’s total papers or citations tends to focus
attention on the larger economies. As in the
opening analogy with the Olympic Games, we
ask about performance in relation to popula-
tion size, or money spent on basic research.
On this basis (Table 3), the top 12 countries
ranked according to papers per person are
smaller, mainly northern European countries;
the top G7 country is Canada, at fifth, fol-
lowed by the United Kingdom at eighth and
United States at ninth. A similar pattern
holds in terms of citations per person; again,
France, Germany, Italy, and Japan come low
in the rankings. Unlike the case for Olympic
medals, there is no high relative performance
by a very small country. This is understand-
able; science has thresholds of critical size and
investment.

Comparison of scientific output relative
to government money spent on research
and development (R&D; both in total, and
excluding defense funds) is arguably the
best measure of the cost-effectiveness of
spending in support of basic and strategic
research (Table 1, last columns). There is a
marked gap—by a factor of 3 or more—
between the output, measured in citations
per unit of civil expenditure, of the top
three G7 countries (United Kingdom,

Table 2. Comparative advantage in citations, RCA (77), and a measure of absolute quality, RCI (9), for
each of the 20 fields of science defined by the ISI (6, 7, 23), for the United Kindom. Also shown are the
top five countries, ranked by share of the world’s citations and by RCI in each of the 20 fields.
Abbreviations are given in Table 1 and Fig. 1. BE, Belgium.

Top five countries

United States, and Canada) and the other
four. The United Kingdom does particularly
well in these performance ratios: this is
partly because the number of citations of
papers by U.K. scientists is relatively high
and partly because the money it spent on
R&D is relatively low. A similar, although
slightly smaller, gap is also seen if total
government expenditure is used as the scal-
ing factor [and similar patterns are seen if
papers, rather than citations, are rescaled
against spending (1)].

Patterns of Change
From 1981 to 1994, the world’s output of

scientific papers increased by 3.7% per year.
This rate corresponds to a doubling time of
19 years. The greatest growth rates, >10%
per year, were exhibited by the scientifically
emerging countries such as Hong Kong,
China, Singapore, South Korea, and Tai-
wan. The scientifically established coun-
tries had lower, though still pronounced,
annual average growth in publications:
United States, 2.7%; United Kingdom,
3.0%; Germany, 3.3%; and France, 5.2%.
Similarly, in terms of publications relative
to population size (Table 3), the countries
that were already the leaders in 1981 tend-
ed to show lower growth.

Such increases in output from newer
players have meant that the United States,
United Kingdom, and most other scientifi-
cally developed Western countries have seen
their share of the world’s papers decrease
somewhat from 1981 to 1994. The United
States’ share of world papers decreased by
1.0% per year from 1981 to 1994, the United
Kingdom’s share by 0.9%, and Germany’s by
0.4%, whereas France’s share increased by

Table 3. Measures of relative performance (7, 5).

Field HGA RC B total citati By RCI Top 12 countries are listed first for each index;
v total citations y rankings for other countries are in parentheses.
Agriculture 1.05 1,56 US,JP,UK,CA,GE SEUKDECANE  Switz, Switzerland; Neth., Netherlands; N. Zea-
Astrophysics 1.06 113 US,UK,GE,FR,CA US,SW,NE,CH,UK and, New Zealand; paps. papers; cits., citations.
Biol. & biochem. 0.96 1.05 US,UK,JP,GE,CA US,SW,SE,UK,GE
Chemistry 0.87 1.22 US,JP,GE,UK,FR US,SW,IS,NE,SE Country T@PS-Per oy, Cits. per
Clinical medicine 1.22 1.10 US,UK,CA,GE,FR US,CA,UK,SE,DE person person
Computer sci. 0.65 0.69 US,UK,CA,GE,FR IS,US,SW,CA,DE . .
Ecol. & environ. 0.79 1.04 US,CAUK,AU,GE SE,NO,US,SW.AU  Switz, 167 Switz. 179
Engineering 0.92 0.98 US,UK,JP,GE,CA DE,SE,US,SW,AU  Israel 1562 Sweden 125
Geosciences 1.05 113 US,UK,CA,FR,AU US,AU,UK,SW,FR  Sweden 147 lsrael 105
Immunology 0.96 0.96 US,UK,FR,JP,GE SW,US,BE,UK,SE ~ Denmark 127 Denmark 103
Materials sci. 0.80 1,13 US,JP,GE,UK,FR US,DE,NE,IS,SW Canada 127 uUs. . 100
Mathematics 0.87 1.26 US,UK,FR,GE,CA DE,NO,UK,US,NE  Neth. 109 Neth. 96
Microbiology 1.09 1.02 US,UK,GE,JP,FR US,SW,UK,NE,IS Finland 107 Canada 95
Molec. biol. & 1.03 1.05 US,UK,GE,FR,JP SW,US,GE,UKIs UK. 104 UK 88
genetics u.s. 100  Finland 85
Multidisciplinary 1.07 1.44 US,UK,USSR,FR,GE US,SW,DE,SE,CA  N. Zealand 99  lceland 76
Neuroscience 1.12 1.13 US,UK,CA,GE,FR SE,US,SW,UK,DE ~ Norway 96  Norway 63
Pharmacology 1.27 1.37 US,UK,JP,GE,FR SW,NZ,UK,US,SE  Australia 93  Australia 61
Physics 0.67 1.09 US,GE,JP,FR,UK SW,DE,US,NE,IS France (15) 72 France (15) 51
Plant & animal 1.18 1.39 US,UK,CA,GE,AU UK,SE,DE,US,AU Germany (17) 67  Germany (16) 49
sci. Japan (19) 49  Japan (19) 31
Psychology 0.99 1.11 US,UK,CA,AU,GE US,SE.DE,UK,CA ltaly (21) 41 ltaly (20) 28
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0.7% and Japan’s share increased by 2.1%.
Overall, however, absolute rankings have
not changed much. In terms of shares of the
world’s total papers, the United States
ranked first, United Kingdom second, Japan
third, and Germany fourth, both at the be-
ginning and at the end of the 1981-1994
interval. In terms of papers per population,
the top 12 countries (Table 3) were top at
both the beginning and end of the 14-year
span, with the exception of the Netherlands
(which displaced Germany from the top 12)
and also with minor reordering in the rank-
ings (chauvinistically, we note that the
United States was ahead of the United King-
dom at the start, behind at the end). The
U.S. decrease in world share of citations was
about 0.8% per year, while the United King-
dom’s share decreased 1.1% per year.

Change in the inherent quality of a coun-
try’s science from 1981 to 1994 might be
indicated by changes in the RCI. As shown
in Fig. 1, the emerging Asian countries men-
tioned above tended to show large increases
in RCI over the 14-year period but from a
relatively low base. Other countries started
the period with low RCI values, and fell
further back. The countries that rank highest
in average RCI (Table 1), or in citations or
papers per person (Table 3), tended to show
little change. The greatest gain among the
top 12 countries in Table 3 was by New
Zealand, which showed an average annual
growth in RCI of 1.4% per year. The greatest
declines were for Australia, Denmark, Nor-
way, and Sweden, all of about 0.9% per year.
RCI increased at 0.1% per year in the Unit-
ed States and decreased at 0.2% per year in
the United Kingdom. In general, there is
thus little suggestion of any marked decline
in the quality of the scientific output of the
top-ranking countries in Table 1.

Corresponding analyses of trends in ci-
tations need to be interpreted with care,
because citations accumulate with time
(17). Thus, all else being equal, papers pub-
lished in the early 1980s (or earlier) should
contribute more to citation counts than
those published in the early 1990s. But such
considerations seem to us unlikely to intro-
duce time delays of more than a couple of
years [a supposition supported by the aver-
age half-life of citations (17)]. A different
worry is that the researchers who did this
work were trained 10, 20, or more years
earlier. Today’s performance may say little
about how well the new generations of sci-
entists are being nurtured [see (1) for fur-
ther discussion].

Another way of assessing a country’s sci-
ence base is to look at its success in winning
major international prizes. It is often assert-
ed, for example, that the relative paucity of
Nobel prizes won by U.K. scientists over the
past two decades is evidence of declining
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Fig. 1. Change in the 1.6
quality of scientific out- sw
put, measured as aver- 1.41 o US
age percentage change D.E
in RCI (9) versus the ini- 121 sE UK{NE
tial RCI (average 1981- CA
1985), for the larger sci- g 1 gAU ¢ FN
entifically ~ developed, % 08 NO .Fﬁ: ®GE
and developing, coun- = N | 4
tries. Abbreviations are g MX CH |k
in Table 1 and: CH, . D S.,A d PH ™
o (1]
Chile; HK, Hong Kong; 044 SK TA . ° PN ¢
ID, Indonesia; MA, Ma- oMA e PR
laysia; MX, Mexico; NZ, 0.2 IN Sl e
New Zealand; NO, Nor-
way; PN, Papua New 0_3 > V 5 ; 2 3 3 : A

Guinea; PH, Phillipines;
S, Singapore; SA, South
Africa, SK, South Korea; TA, Taiwan; TH, Thailand.

scientific strength. Although still the best
known and richest, the Nobel Prize is just
one among a growing number of notable
awards. Its scope is, moreover, restricted:
among the sciences, only physics, chemis-
try, and medicine (broadly construed as the
biomedical end of the life sciences) are
recognized.

We thus counted all internationally rec-
ognized scientific prizes worth more than
$200,000 (United States), along with
mathematics’ Fields Medal (18), by decade
through the 20th century (Fig. 2). Up to
the past few decades, the count is essentially
solely of Nobels. German scientists won
most of the awards in the early decades, and
scientists in the United States began to win
many awards in the 1930s. In the decades
around World War II, proportionally fewer
German and French scientists won, while
U.S. scientists established a continuing
command of around half of the world’s priz-
es. Scientists in the United Kingdom have
maintained a steady fraction of about 10%
of all awards throughout the century. If this
total is rescaled for population size, the
United Kingdom has been the leader
throughout the century. One bias in this
analysis is that one recent large prize, the
Australia Prize, has been won largely by

100
90

Decade

Change in RCI (% per year)

Australians. Japan and United States each
give two large prizes, and the United King-
dom, Germany, and France none.

Analysis of prizes gives a time-delayed
measure of performance. This consideration
may explain why the G5 countries have
continued to win about 80% of the awards
over the past three decades, despite the
rising performance of new players and the
G5 countries’ diminishing share of the
world’s papers and citations.

Discussion

The above comparisons are to a degree
confounded because a large and growing
fraction of scientific work involves interna-
tional collaborations [see discussion in (8)].
In 1994, for example, 26% of papers with
first authors in the United Kingdom were
the product of transnational collaborations
(4). Another concern is that there is an
English language bias in the ISI database,
both in the journals included and in pat-
terns of citation. Could this explain why
the United States, United Kingdom, and
Canada do so much better than France,
Germany, Italy, and Japan (Table 1, last
columns)? But the same broad patterns of
performance among the G7 countries are

Fig. 2. The figure shows
the fraction of the world’s
major international sci-
ence prizes (18) won by
each of the five largest
economies (the G5 coun-
tries and Australia), by
decade, over the 20th
century (7). Order of
curves is as listed in the
legend.

H Al thers
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also seen in the analysis in Table 3, where
the four leaders are not the English-speak-
ing countries.

Despite these concerns, the large differ-
ences in performance indicated in Table 1,
last columns, are surprising. My view—and it
is no more than a guess—is that a large part of
the difference in performance between the
top dozen or so countries in Table 3 and the
lower ranking of the G7 countries arises from
differences in the nature of the institutional
settings where the scientific research is done.
Germany and France have superb scientists
who do outstanding work, but a large propor-
tion do this work in dedicated research insti-
tutes: Max Planck and CNRS Institutes. By
contrast, most basic research in North Amer-
ica, United Kingdom, the Scandinavian
countries, and others among the top countries
in Table 3, is done in universities (19). The
nonhierarchical nature of most North Amer-
ican and northern European universities, cou-
pled with the pervasive presence of irreverent
young undergraduate and postgraduate stu-
dents, could be the best environment for pro-
ductive research. The peace and quiet to focus
on a mission in a research institute, undis-
tracted by teaching or other responsibilities,
may be a questionable blessing.

I thus suggest that, among the scientifi-
cally advanced countries, better value for
money (in terms of papers or citations per
person or per dollar spent) might be associ-
ated with performing basic research mostly
in universities, rather than in research insti-
tutes. If so, there are significant implications
for those countries, such as the United King-
dom, Sweden, and Australia, which recently
have seen great enlargement in the number
of tertiary institutions designated as univer-
sities. It seems unlikely that governments
can afford to supply the previously customary
level of infrastructure for research (equip-
ment, technicians, research libraries, proper-
ly furnished laboratories, and so on) to all
departments in these more numerous univer-
sities. This raises questions about how to
focus such infrastructure support and indirect
costs upon the best people and groups. The
question is sharpened by the observation
that, in the United Kingdom, by the year
2000 half of all scientific papers will have
three or more authors, from two or more
institutions. | think the alternative of hiving
off most fundamental research into dedicat-
ed institutes could be a suboptimal solution.
This issue deserves further analysis.

To end on a parochial note, I observe
that the United Kingdom does well in at-
tracting inward investment (20). It is be-
lieved that the strength, and the accessibil-
ity, of the science base is a large factor in
this success. Anecdotes abound, but a con-
vincing and objective analysis is more dif-
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ficult. More generally, the acknowledged
strength of the science base in the United
Kingdom, although it helps create wealth
around the world, is not consistently trans-
lated into strong industrial performance
within the United Kingdom itself. The
Technology Foresight enterprise in the
United Kingdom currently seeks to remedy
this, by forging new connections between
the two. But this is another story (21).
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States, 40% from Japan, 50% from South Korea.
Put another way, the United Kingdom receives
roughly 17% of all outward investment from the
United States, 7% of Japan's outward investment,
and 15% of Germany’s.

A Strategy Taking the Foresight Programme to the
Millennium (Office of Science and Technology, UK
Department of Trade and Industry, London, Decem-
ber 1996).

Data mainly from (5); see also (7) and (3).

Data from IS| database. The first column follows (5).

"For the second column, based on RCI, which is a

relative measure of performance, we have excluded
countries that contribute less than about 0.2% of all
publications in that field. Otherwise, one (or a few)
highly cited multiauthored paper that has one author
from a small country can produce a high RCI ranking
for that country, which arguably is misleading; we
follow (5) in assigning multiauthored papers to each
country with a contributing author (8).
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