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Abstract

The main objective of the open access (OA) movement is to make scientific literature freely available to everyone. This may be of par-
ticular importance to researchers in lower-income countries, who often face barriers due to high subscription costs. In this article, we
address this issue by analysing over time the reference lists of scientific publications around the world. Our study focuses on key
issues, including whether researchers from lower-income countries reference fewer publications in their research and how this trend
evolves over time. We also investigate whether researchers from lower-income countries rely more on the literature that is openly
available through different OA routes compared with other researchers. Our study revealed that the proportion of OA references
has increased over time for all publications and country groups. However, publications from lower-income countries have seen a
higher growth rate of OA-based references, suggesting that the emergence of OA publishing has been particularly advantageous to
researchers in these countries.
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I. Introduction

A fundamental objective of the open access (OA) movement is to make scientific literature freely available to everyone
[1]. The rise of OA has generated a vast literature corpus, mostly related to the production of OA, for example, studying
the costs of producing OA [2], the citation impact of OA papers [3,4] or empirical studies about where OA publishing
takes place [5], largely supporting the expectation that OA will be most useful for researchers from low-income countries
[6]. These topics are covered extensively in the literature (see Simard et al. [7] for an overview of global and regional
differences in OA publishing). Recent studies indicate that the percentage of OA publications indexed in the Web of
Science (WoS) is approaching 50%, with 42.9% of WoS publications being OA in the period 2015-2019 [7], a share that
has increased steadily over the last two decades [8,9].

In the debate about the benefits of OA, lower-income countries have typically been seen as illustrating the advantages
(and disadvantages) of OA. Changing the costs of publishing from subscription fees to author payments [10] has inevitably
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sparked a discussion about whether lower-income countries, as producers of research, would be disadvantaged by no longer
being able to afford to publish in journals [11]. Our study, however, is situated in the realm of potential benefits of OA from
the consumer perspective (i.e. in the use of knowledge). From this perspective, it is reasonable to foresee that the greatest
use and benefit will be in countries initially characterised by poor access to scientific publications. OA was introduced with
the aim of remedying such problems, that is, making scientific literature (and, increasingly, research data) available to
everyone. However, to the best of our knowledge, studies are yet to explore the specific benefits of increased accessibility
to scientific literature, beyond the fact that it has become freely available for reading.

Several recent studies have explored country and regional differences in OA publishing. In terms of production,
lower-income countries have been found to have the highest share of OA publishing [5]. Regarding consumption, they
have the highest share of OA citations [7]. The latter finding is particularly interesting. While having access to reading a
paper is inherently valuable, assessing the impact of such access requires observable and measurable behavioural
changes.

Our study is grounded in the consumer perspective. In addition to presenting descriptive findings regarding OA refer-
ence patterns, we analyse how and the extent to which OA is beneficial to lower-income countries. In this study, we
explore whether the potential increase in the use of OA publications and references in lower-income countries relative
to high-income countries covaries with other indicators exhibiting evidence of better research capacity or represents a
greater inclination to be updated in the frontiers of science. The main research question in our study is whether increased
use of OA publications is also followed by:

(a) Improved access to scientific literature, as expressed in longer reference lists and a higher share of scientific
papers being cited in these lists.

(b) Improved access to more recent scientific literature, as expressed in more recent and updated publications cited
in reference lists.

2. Background: global differences in research and development (R&D) capacity

The raison d’étre of the expectation that OA is more beneficial to research systems in lower-income countries has to do
with the generally low levels of R&D investments in these countries’ (e.g. OECD or World Bank statistics on R&D
investments per capita), with several studies documenting very high shares of OA publishing in these countries [5,7].
Access to scientific literature has been limited in several developing countries, especially in Africa [12,13]. Low R&D
investments negatively impact the ability to cover the cost of (very expensive) journal subscriptions [14—16]. Although
several initiatives have been introduced to remedy this situation [13] — for example, initiatives from the World Health
Organization and the United Nations aimed at helping developing countries obtain increased access to more (and more
recent) scientific information, thereby providing lagging and developing countries greatly subsidised access to scientific
literature [17] — they have been characterised by inherent coordination problems and a lack of consistency in defining
eligible beneficiary countries [13]. Moreover, Nobes and Harris [18] emphasised that ‘complex systems of authorization
portals and systems is a matter of contention for many and makes accessibility more difficult’. Another concern about
these initiatives is sustainability. What happens to accessibility once the donorship ends [15,18]? Thus, developing coun-
tries’ accessibility to scientific knowledge is not only affected by OA but also by donor-funded and negotiated access
schemes [19]. Nevertheless, we see OA as the main driver of increased accessibility to science in recent years; thus, we
focus on it as a potential driver of changes in reference patterns from lower-income countries.

It is common in OA studies to distinguish between different OA types (e.g. gold, hybrid, green, etc.; see Simard et al.
[7] for an overview). In this article, we analyse OA as a unified concept, as the model under which a paper is openly
available is irrelevant from the perspective of literature use. Thus, it is beyond the scope of this study to provide a com-
prehensive overview of the literature on OA publishing and OA models, as we are primarily interested in how OA might
benefit researchers in their publishing process.

2.1. Added value of our study

OA as a question of global equity has been studied since the emergence of OA as a publication model. Among recent
studies, Simard et al. [7] combined an analysis of OA publishing and citation trends (2015-2019) with country data and
found that low-income countries had a higher uptake of OA in both trends than high-income countries. Robinson-Garcia
et al. [20] found somewhat contrasting findings in their study on the percentages of OA publishing for institutions in the
Leiden ranking, where those with a high percentage of OA publishing, with the exception of India and Iran, were all
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upper middle- or high-income countries. Here, we observe a noticeable difference between Western and Asian countries.
All institutions with OA shares above the world median were European.

Simard et al. [7] examined references to OA literature based on studies assigned to the country of the first and/or last
author, with full counts for each country, while Robinson-Garcia et al. [20] used institutional data (aggregated author
shares of institutions). Arguably, however, it is important to distinguish between studies in which lower-income countries
engage in collaboration with higher-income countries (where we may assume that the scientific literature is more widely
available in the authorship groups) and those without such collaboration (where low-income countries cannot rely on
infrastructure support from higher-income countries). For example, in a study in which researchers from Burkina Faso
collaborated with French and British researchers, we cannot take for granted that a listed reference was also available to
the authors from Burkina Faso. Therefore, we limit our study to publications with authors from one country at a time,
making it more reasonable to claim that the references listed in this article were indeed accessed and then included in the
publication by authors from that country, thereby better reflecting their R&D capacity. This means that in comparison
with the broad OA literature, we move from the production to the consumption side of OA, which we consider a novel
contribution to the OA literature. Therefore, we shed light on how OA may have helped lower-income countries in their
ability to make use of scientific literature, thereby going beyond a focus on simply having better access to more litera-
ture. We do so by elaborating on the findings of Simard et al. [7] in two ways: (1) specifying three additional dimensions
related to reference practices: the average number of references per publication, the share of references indexed in WoS
and the age of the cited literature and (2) restricting publications to one country’s income level at a time, thus avoiding
potential bias from publications where cited references may be assigned to low-income countries when they were the
result of access to literature in high-income countries. Below, we describe the three OA ‘consumer’ indicators analysed
in this article.

2.2. Average number of references in reference lists

The first indicator explored here is the change in the average number of references in the selected papers. As a result of
the gradual change towards OA publishing and the launch of new subscription-free ‘gold’ journals and repositories for
archiving scientific literature, doors have opened to resources and publications and, thus, citable literature, that were pre-
viously inaccessible. To the best of our knowledge, no studies have explored country differences for this indicator, which
is surprising given how many angles have been used in ‘citation studies’, for example, studies about how the number of
citations in a reference list varies by paper length, research areas/discipline, the number of citations in review papers, etc.
(examples taken from Nicolaisen and Frandsen’s [21] review of this literature).

The rationale for studying the number of references is based on the logic that accessibility to scientific literature is a
determinant of how many relevant papers an author/group of authors can meaningfully use in a paper. In high-income
countries, access was unimpeded prior to OA. The reverse ensued in lower-income countries (especially African coun-
tries), where there has historically been poor access to Internet and computer facilities, preventing researchers from fully
utilising increasingly available online literature [13,17]. Arguably, therefore, with the increasing number of OA studies
available, the number of references per paper may have increased more in lower-income countries relative to higher-
income countries.

2.3. Higher share of WoS-indexed references

There were country differences in terms of the reference ‘style’ used, for example, the tendency to cite national papers,
which was more pronounced in smaller R&D nations [22]. Basson et al. [23] showed that researchers in developing
countries tended to include more non-WoS-indexed OA articles in their reference lists compared with those in wealthier
countries. This finding was interpreted as potentially resulting from the inclusion of many smaller national journals in
the Dimensions database used. Although there were many reasonable ways to justify publishing in non-WoS-indexed
journals (for language issues, potential dissemination issues, etc.), we can also speculate that the use of non-indexed
national journals or other types of reference sources (reports, online documents, etc.) has been more prevalent in lower-
income countries due to a lack of access to WoS-indexed journals. However, it has been shown globally (at least in the
field of ecology) that there is a trend towards fewer citations of non-journal publications [24]. Considering the increasing
presence of OA papers, we believe that it is important to study whether there has been an increase in the share of WoS-
indexed references from lower-income countries and whether this growth has been more prominent than in higher-
income countries, thereby ‘closing the gap’.

Didegah, Thelwall and Gazni examined low-income countries’ share of references from various journal percentiles
(2000-2009) and found that,
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in proportion to their total number of citations given to WoS journals, it seems that less developed countries cite high-quality jour-
nals at the same rate as developed countries and so the poorer publishing of less developed countries does not seem to be due to a
lack of access to top journals. [25, p. 516]

However, this finding was based on co-publications showing that more than 80% of top-journal publications from
low-income countries were in collaboration with high-income countries. Again, we argue that it is only when an analysis
is restricted to publications with no international collaboration that a genuine country effect can be examined.

2.4. Citations of more recent publications

When the United Nations Food and Agriculture Organization launched its ‘Global Online Research in Agriculture’
(AGORA) in 2003, eligible developing countries were offered selected journals on CD-ROM [13]. In Adcock and
Fottrell’s survey in Tanzania [17], some of their respondents mentioned that journal collections classified as either
‘new’ or ‘most recent’ could be literature as old as 5 years. Although this has arguably improved since the beginning of
the 2000s, it is still relevant to ask whether low-income or developing countries are more exposed to the so-called obso-
lescence literature [26]. Globally, there is a tendency towards citing more recent publications [27], but does this trend
also apply to lower-income countries and can the increased uptake of OA also contribute to more recent research being
cited in publications from these countries? We find it reasonable to assume that while OA has enabled easier access to
the latest research worldwide, the lagging of developing countries makes it logical to assume that the increase in more
recent papers being cited will be much more pronounced there. Therefore, we examine whether lower-income countries
have had a relatively stronger reduction than high-income countries in the average number of years of their references
since the date of publication.

2.5. The objective of this study

The objective of this study is to explore whether citation behaviour among researchers in lower-income countries has
changed throughout the period of OA to become more similar to that of researchers in economically wealthier countries
— that is, that the performance indicators of lower-income countries related to use of scientific literature has improved
relative to those of wealthier countries.

3. Methods

Developments in OA publishing and reference patterns across regions and country income levels have been carefully
analysed in recent studies [7,23]. However, we believe that it is important to continue this line of research by asking what
OA growth means from a benefit perspective. Does OA really contribute to improved research conditions in countries
characterised by lagging R&D? To answer this question, we used a stepwise strategy involving four research questions:

e First, we explored whether researchers from lower-income countries refer to fewer publications when they publish
and, if so, whether the gap narrows over time.

e Second, we explored whether researchers from lower-income countries rely more on literature that is openly avail-
able through different OA routes than other researchers.

To answer these questions, we analysed OA trends using total and field-specific numbers. In order to study references,
especially over time, it is important to take the scientific field dimension into account. Apart from the arts and humanities
field, there has historically been a steady increase in the number of references in all fields of science, as illustrated by
Nicolaisen and Frandsen for the period 19962019 (in a study of 27 million papers in the WoS from seven major scien-
tific domains) [21]. Moreover, the share of OA papers in reference lists is highly field-dependent, with the highest share
being in medical and health sciences [7,28]. As there are large differences in the specialisation profile of countries [29],
national and regional aggregate numbers may be misleading if the scientific field is not accounted for. Therefore, in our
analyses, we also addressed the field dimension in our calculations of the OA numbers.

The second part of the analysis took the benefit perspective into account. Here, we focused on the reference practices
of researchers, placing the question of OA literature citations in the analysis of changes in reference practices over a long
period of time. This allowed us to better understand how OA references fit into broader developments around reference
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practices and provided us with a baseline of comparison for understanding the magnitude of the uptake of OA in the lit-
erature. Specifically, we examined the following:

Third, whether lower-income countries experienced relatively stronger growth in the share of WoS-indexed references
relative to high-income countries.

Fourth, whether lower-income countries witnessed a relatively stronger reduction in the average age of references than
high-income countries.

To put these research questions in context, we included some initial analyses of general developments in reference pat-
terns over time.

The analysis relied on simple descriptive statistics. It followed the development of indicators measuring the use of
OA literature over a 15-year period (2005-2020) and focused on intuitively observable changes and patterns rather than
attempts at drawing statistically significant causal mechanisms. All analyses were carried out using the R programming
language [30], specifically the dplyr package for data manipulation [31] and the ggplot2 package for the production of
figures [32].

The study is based on data from the WoS, a scholarly publication database that comprises the world’s leading scho-
larly journals, books and proceedings in the sciences, social sciences and arts and humanities. The WoS contains full
bibliographical metadata, including the time of publication, authorship, affiliations and the reference lists of its indexed
publications. This enables the analysis of reference trends between countries and across time. The WoS Core Collection,
which we used in this study, now covers the Science Citation Index Expanded, the Social Sciences Citation Index, the
Arts & Humanities Citation Index, the Emerging Sources Citation Index, the Conference Proceedings Citation Indexes
and the Book Citation Index. We applied a local version of the WoS maintained by the Norwegian Agency for Shared
Services in Education and Research.

The analyses were global in nature. As transnational collaborations make it impossible to identify the source country
of a given reference in a publication, the study was limited to regular articles with a single author country and involved a
total of 32.7 million articles during the period 1980—2020 and 1.29 billion entries in the reference lists of these articles.
The corresponding global total, which included internationally co-authored articles, was 42.0 million. Thus, the analysis
covered the majority (78%) of WoS-indexed articles published during the period. This is in accordance with a recent
study showing that in 2020, 25% of the world production of articles involved international collaboration [33]. We classi-
fied author countries into four income groups (i.e. high, upper middle, lower middle and low income) based on the World
Bank’s classification of countries using the 2020 gross national income per capita [34].

The number of papers included in the analysis increased from approximately 380,000 in 1980 to 1,702,000 in 2020.
The number of papers from the high-income group was by far the highest, with 24,020,000 articles over the entire period.
The corresponding figures for the other groups were as follows: 6,554,000 articles for upper middle income, 2,094,000
for lower-middle income and 2941 for low income. Clearly, there were remarkably few publications from low-income
countries. This is because these countries have limited national budgets for research activities, and most of the research
is carried out in collaboration with researchers from other countries, resulting in internationally co-authored publications
[33], which were not included in this study.

Data on the OA status of references were retrieved from Unpaywall, a global, openly licenced publication database
identifying the reading access status of around 50 million scientific publications [3]. Unpaywall operates with several
aspects of OA. As we were concerned only with the possibility of reading the contents of a publication for use as a refer-
ence in a publication and not the access licence indicated by the different types of OA, we considered all forms of OA
as one category for the purposes of this study.

Having collected all WoS publications that fit the above-outlined criteria (i.e. published 1980—2020, regular articles,
single-country authorship and containing a DOI), the publications were matched against the Unpaywall database to
obtain their OA status. The matching was done using a strict string comparison of the DOIs of the publications, a field
featuring in both databases. In cases where no match for a reference was found, its status was set to ‘not applicable’.
The distribution of the access status of the references of a paper containing non-identifiable references was assumed to
be identical to that of references whose OA status could be determined. The analyses were carried out at the field level.
We used a classification system consisting of 16 broad categories (for further details, see [35]). Noteworthy, the ambigu-
ous field classification ‘multidisciplinary’ was not used in the analysis.

This approach has some limitations. First, not all publications included in the various reference lists could be assigned
an OA status. This was due to several factors: (1) not all references in a publication were from scientific publications;
(2) the WoS only indexes a subset of all scientific publications; (3) not all references have a DOI, making matching with
Unpaywall impossible and (4) not all scientific publications have an OA status in Unpaywall. Moreover, the domination
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of English as a research language in the WoS database should be noted. Many non-Anglophone countries also represent
scientific publication spheres among themselves, and for low- or middle-income countries, there are many OA venues
for research dissemination that are not indexed in a database, such as the WoS. Therefore, this study only encompasses
what was probably the most internationally oriented research from these countries, which may have different reference
profiles from research published in more nationally or regionally oriented channels.

In order to mitigate potential biases in the results, two additional key measures were included: first, analysing trends
across distinct scientific fields and, second, limiting the analysis to papers without authors from several country income-
level groups. While this did significantly reduce the overall number of publications included, we viewed this constraint
as a strength, as it allowed us to isolate and scrutinise the impact of country income levels on reference practices.

4. Results

The analysis is divided into five parts. First, we look at the changes in the length of the reference lists over time, focusing
overall on the global level. Second, we analyse the differences in reference patterns among the country income groups.
Third, we analyse the OA patterns, with the last two sections addressing the changes in the WoS-indexed literature and
the age of the cited references over time.

4.1. Overall reference patterns over time

Figure 1 shows that the number of references per article increased considerably during the period 1980-2020. In 1980, an
average article contained 19.8 references, compared with 43.2 in 2020.

This general upwards trend was observed in all fields, as shown in Figure 2, which plots the mean number of refer-
ences per publication and by field for the period 1980—2020. At the same time, there were large differences across fields.
For example, business studies and biology had much longer reference lists on average than mathematics and statistics.
In 2020, the average mathematics publication included more references than the average biology publication in 1980.

4.2. Differences across country income groups

To what extent are there differences in the length of the reference lists by country income group? Figure 3 shows that
articles from high-income countries had more references on average than those from other income groups. This held over
the entire 40-year period, but the gap has narrowed in recent years. Interestingly, there were relatively small differences
across the groups of low- and middle-income countries. For high-income countries, the average number of references
was 21.4 in 1980 and 43.7 in 2020. For upper middle-, lower middle- and low-income countries, the figures varied from
15.1 to 15.7 in 1980 and 36.7 to 38.4 in 2020. This pattern of small differences in the groups of low- and middle-income
countries also held for other variables analysed in this article. In such cases, we present figures for the three groups com-
bined in the analyses below.

50

40

20

References per publication

1980 1990 2000 2010 2020

Figure |I. Average number of references per publication, 1980-2020.
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Figure 3. Average number of references per publication by country income group, 1980-2020.

Combining the insights from Figures 2 and 3, we examine whether the mean references per publication varied by field

and income group, as shown in Figure 4.

The general trends from the previous figures held across all fields and income groups: the number of references per
paper increased steadily in all fields, and there was a gap between the high-income countries and the middle- and low-
income countries. However, there were field-specific differences: in engineering and physics, the difference in the aver-

age number of references was much less pronounced than in biomedicine and biology.
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Figure 4. Average number of references per publication by field and country income group, 1980-2020.
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Figure 5. Average number of references per publication by access type, 2005-2020.

4.3. Changes in OA and non-OA reference patterns over time

In the period under consideration, another trend occurred concurrently with the increase in the number of references in
papers — the growth of openly available scientific publications. Although virtually unknown before the late 2000s, OA to
publications has grown to capture a substantial share of global publications in recent years. Figure 5 shows the number
of references per paper based on the OA status of the referenced publications for the period 2005-2020. In 2005, papers
cited on average 7.4 OA publications and 20.1 non-OA (closed access) publications, while in 2020, these figures were

15.3 and 27.8, respectively.
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Table I. Average number of references per publication by country income group and access type, 2005-2020.

High-income Middle/Low-income

Non-OA OA Non-OA OA
2005 242 7.5 18.6 74
2006 24.7 7.7 20.0 85
2007 255 79 204 7.6
2008 26.5 8.2 21.0 82
2009 27.0 8.7 20.8 79
2010 28.6 9.3 22,0 8.1
2011 29.3 9.7 225 82
2012 29.5 10.0 233 9.2
2013 29.7 10.4 235 8.9
2014 30.2 10.9 243 9.5
2015 30.2 1.4 243 10.3
2016 30.2 12.4 25.2 10.7
2017 30.5 133 25.7 1.6
2018 304 14.1 26.2 12.5
2019 30.5 15.4 26.3 132
2020 30.3 16.5 26.9 14.9

Table 2. Compound average growth rate by income group and access type, 2005-2020.

Income group Non-OA OA
Low-income 35% 42%
Lower middle income 28% 33%
Upper middle income 26% 32%
High-income 13% 18%

The corresponding figures for the high- and middle-/low-income groups are shown in Table 1. Overall, the number of
OA and non-OA references increased for both income groups. In terms of OA publications, we observed an increase in
growth around 2015. In 2005, publications from high-income countries had an average of 7.5 OA references and 24.2
non-OA references, increasing to 16.5 OA and 30.3 non-OA references in 2020. Thus, the growth was stronger for OA
than non-OA references in absolute ( + 9 references/ + 6 references) and relative terms ( + 55%/ + 25%). A similar
pattern was shown for middle- and low-income countries. The number of OA references per publication increased from
7.4 to 14.9 during the period 20052020, while the number of non-OA references increased from 18.6 to 26.9 in the same
period, corresponding to a relative growth of 101% for OA and 45% for non-OA. Thus, for both types of publications,
the relative increase was stronger than that observed for high-income countries.

The trend towards referencing more OA publications was also evident when calculating the proportion of references
going towards OA publications. For high-income countries, an average paper in 2005 referenced 23.7% OA publications.
In 2020, this proportion was 35.3%. For middle- and low-income countries, the corresponding proportions were 28.5%
and 35.6%, respectively.

The above analysis of the relative share of OA references is based on an analysis of the compound average growth
rate (CAGR) of the references in absolute terms for the four income groups for both closed access and OA references
during the study period. Table 2 demonstrates that the CAGR was positive for all references, as shown in Figure 3, and
that it was higher for OA references for all income groups and highest for the two lowest income groups.

The growth of OA references, particularly among publications from lower-income countries, indicates a convergence
of reference practices among researchers from different income groups. Calculations were also performed at the field
level (not shown in this article) and revealed that the overall OA patterns identified for the country groups were also
observed at the field level. However, in some fields, the patterns did not follow the general tendencies regarding the
country groups, thereby making the conclusions less generic.
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Figure 6. Average proportion of references not indexed in the WoS by country income group.
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Figure 7. Average age of references per publication by country income group, 2005-2020.

4.4. Proportion of WoS-indexed references

As described in the introduction, we investigated whether low-income countries had stronger relative growth in their
share of WoS-indexed references compared with high-income countries. This analysis was carried out for the 20052020
period, and the results are shown in Figure 6. We found that low-income country researchers referenced non-indexed
publications more often than their counterparts in other country groups. This held over the entire period, but the propor-
tion decreased from 60% in 2006 to 45% in 2020. For high-income countries, the pattern was quite stable, with a mar-
ginal decline from 33% in 2005 to 29% in 2020. For the middle-income country groups, there was a marked decline (15
percentage points) during the period. This means that articles are referencing indexed publications more often than in the
past. In fact, these groups have surpassed high-income countries during the period and are now referencing indexed pub-
lications at a higher rate than those in high-income countries.

4.5. Age of references

Finally, we analysed whether there were differences across the income groups in terms of the average age of the refer-
ences. This analysis was carried out for publications from the 20052020 period using a citation time window limited to
25 years prior (older references are rare) (Figure 7). Thus, for publications from 2005, we included references to works
only as far back as 1980 because there are no data on the OA status of references prior to 1980. In 2005, there were
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marked differences between publications from high-income countries and those from low-income and lower middle-
income countries. Publications from high-income countries cited articles that were, on average, 2 years younger. This
suggests that in the past, researchers in lower-income countries were unable to take advantage of new research to the
same degree as they are today. However, the gap almost disappeared during the 15-year period, mainly due to the reduced
age of the references in papers from the two lowest income groups (from 9.5 to 8.3 years and 9.4 to 8.5 years) and an
increase in the reference age of papers from high-income countries (from 7.7 to 8.3 years). The pattern for upper middle
countries not only differed but also showed a declining trend. Further analysis revealed that China, which contributed to
most of the publications in this group, deviated from the more recent references than other countries in this group as well
as the high-income group. Omitting China from the data set resulted in a declining trend for the upper middle countries,
with the line being positioned somewhere between high-income countries and low- and lower middle-income countries.

5. Discussion

This study has shown that the evolution of OA has been accompanied by changing citation behaviour, with the main find-
ing being that the reference practices of researchers from lower-income countries have become more similar to those of
researchers from more wealthy countries due to a relatively stronger increase in lower-income countries with regard to
the number of references. Furthermore, this has been accompanied by an increase in the share of references from WoS-
indexed scientific journals, in addition to citing increasingly more recent (i.e. ‘younger’) literature. In sum, these findings
support the notion that OA has played a positive role in lower-income countries’ access to scientific literature. Our study
does not contradict the little empirical evidence on the way in which OA benefits lower-income countries; it adds impor-
tant additional information in understanding what changes in scientific behaviour have become possible with the intro-
duction of more openly available literature.

Our findings show a steady growth in the number of references to scientific publications in the last 40 years. Overall,
the number of references per article has doubled from 20 in 1980 to more than 40 in 2020, representing a major change
in the structure of scientific communication and how new research is embedded in the previous literature. This also has
a huge effect on the inverted citation patterns and frequencies of individual publications [24]. Previous research has sug-
gested that the growth is linked to the transformation of scientific communication, such as the availability of online
search tools [36] and more easily accessible literature through electronic publication and communication [24,27].

In addition, our study shows that reference patterns differed significantly across fields and country groups. We investi-
gated variations in reference practices according to the economic status of countries, limiting the study to papers without
cross-country collaboration in order to isolate the effect of each country’s R&D capacity and access to scientific litera-
ture. Researchers from low-income countries tend to refer to fewer publications when they write papers compared with
those from high-income countries. While this gap persisted over the entire 40-year period analysed, it is narrower today
than in the past. In 2020, an article from high-income countries included 44 references, on average, compared with 37
references for articles from low-income countries.

We observed that in the period coinciding with the rise of the OA movement, researchers in lower-income countries
have narrowed the gap in terms of the length of their reference lists. Although we did not provide causal evidence of the
effect of OA on reference practices, we believe that this development can be partly explained by the larger increase in
references to OA publications from lower-income countries relative to high-income countries. Lower-income countries
have a much stronger CAGR rate than high-income countries for both closed access and OA literature, but the increase
is clearly highest for OA publications.

Moreover, the reference patterns of low-income countries have changed in two additional dimensions. First, research-
ers from these countries refer more to WoS-indexed literature than they did in the past; second, they refer to more recent
literature. Both patterns may be linked to the rise of OA, although further investigations are required to verify this.

Our study shows that the reference patterns of high- and low-income countries differed in general and with respect to
OA. Nevertheless, we observed that even today, most of the references by researchers in low-income countries are attrib-
uted to closed access literature. One may ask why this is the case and why the OA differences across country groups are
not larger. One important factor may be the lack of institutional OA mandates and policies to encourage uptake [37]. In
addition, researchers from lower-income countries face similar situations as those from high-income countries when they
collect literature, that is, only a few parts of the relevant literature on a particular topic are openly available [38]. Thus,
based on such considerations, one cannot expect radically different patterns, although it is argued that both the produc-
tion and use of OA in some developing countries are dominated by predatory publishers [37], which boosts OA activity
in such regions, or they benefit from waiver programmes [37]. Moreover, what appears to be closed access literature in
this study may still be openly available. It should be noted that articles available through academic social networks only
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(e.g. ResearchGate and Academia.edu) were not counted as OA due to the criteria applied by Unpaywall [3]. Full-text
articles from a very large body of literature are available through these websites [39], and some studies point to geo-
graphic differences in the use of such sources [40]. For example, Meier and Tunger [41] found that ResearchGate was
more actively used in India, Italy and Spain compared with Canada, the Netherlands and the United States, while Wan
[42] found that the information pirate website Sci-Hub was more frequently used in South American countries. Another
option is to contact the authors directly to get a printed version of articles or PDFs sent by e-mail. Finally, according to
some studies [43—45], authors do not always read the full paper they cite. The extent to which such citing practices affect
our results is not possible to assess. This points to an interesting issue unresolved in our study: citations of papers based
purely on the reading of abstracts [45]. Abstracts are also available in the WoS for closed access literature. There is a
possibility that some of the observed increase relates to the expanded coverage of the WoS over time [46], which has
increased accessibility to abstracts.

In most of the variables analysed in this study, we did not observe large differences across the groups of low- and
middle-income countries; however, the reference patterns of the high-income countries diverged. Therefore, we conclude
that researchers from the first group of countries behave quite similarly when it comes to reference practices. This is
somewhat surprising considering that middle-income countries have better economies, more developed science systems
and assumedly better access to scientific literature. One possible mechanism is that in low-income countries with very
low rates of one-country-only papers, authors may represent a very select group of researchers who may still have access
to relevant literature due to past and other ongoing international collaborations. It is important to note that low ‘produc-
tivity” here refers to the world of the WoS and does not consider that outside of North America and Europe, much scien-
tific work is published in channels not indexed in the WoS [23]. Furthermore, in European countries, we may also find a
large share of publications from (national language) journals not indexed in WoS [46].

Relatedly, it should be mentioned that some countries moved from one income category to another during the study
period. For example, China appeared as ‘an upper middle-income country’ for the first time in 2012. In this study, the
changing economic status of countries was not adjusted, and the current status was superimposed onto previous years. In
the case of China, as it has emerged as a large contributor to the world’s publication system, it would seem disruptive to
remove it from one category to another. Although applying the historical status of countries seemed justified, this would
not change the main conclusions of this article due to the fact that the figures for the low- and middle-income countries
were similar in several dimensions, and transpositions to the highest group mainly occurred for smaller research jurisdic-
tions [47].

As mentioned in the introduction, many studies have examined the role of OA from a global equity perspective [48].
However, most studies have been limited to the production side, with research on the consumption side remaining limited
(i.e. the use of literature, as reflected in reference patterns). One exception is the study of Simard et al. [7], which showed
that low-income countries have a higher uptake of OA than high-income countries. Despite similarities to our study,
Simard et al. also differed fundamentally in terms of methodological approach. They assigned papers to country groups
based on the address affiliation of the first and corresponding authors only. Thus, publications with co-authors from addi-
tional countries were also included. This may have affected the findings regarding low-income countries, as their scien-
tific production is limited, and international collaboration is widespread [33]. In the introduction, we explained why such
a methodological approach may be problematic. Therefore, our study was limited to articles that did not involve interna-
tional collaboration. Nevertheless, the overall findings of our study resemble those of Simard et al., as the methodological
disparities did not result in contradictory main conclusions.

While Simard et al. found that OA citations were more frequent among researchers in lower-income countries in the
period 2015-2019 (combined), we showed that throughout a longer period (2005-2020), the growth rate in the OA cita-
tions by researchers in lower-income countries was more than twice the increase among researchers in high-income
countries. Although the number of OA citations was still higher in high-income countries in our final year (2020: on
average, 16.5 OA citations per paper) compared with lower- and middle-income countries (on average, 14.9 OA cita-
tions per paper), the ratio between closed access and OA citations was almost identical: both cite 80 per cent more non-
OA papers than OA papers. The difference is that non-OA citations were more frequently subscription-based journal
articles in high-income countries and non-indexed (in the WoS) publications in lower-income countries.

In this study, we analysed additional dimensions of reference patterns to provide further evidence of the broader role
of OA. One issue was to use the age of references as a parameter to ascertain whether low-income countries were more
exposed to the so-called obsolete literature. We found that in the past, publications from lower-income countries did
refer more to older literature compared with publications from high-income countries. However, this gap has narrowed
in recent years. This is partly a consequence of the increasing age of the references of high-income countries during the
study period, potentially reflecting the fact that the average age of all available scientific literature around the world
increases with time.
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There was also a notable difference in that publications from low-income countries more frequently referenced non-
WoS-indexed publications than those from other country groups. This indicates that researchers from these countries rely
more on peripheral literature than core international scientific literature. This may be explained by the more restricted
availability of the latter literature (perhaps also the greater use of local language publications) and deviant research pro-
files focused on local and regional issues, which has, for example, been demonstrated in health and medical research [49].

The proportion of WoS-indexed literature has also been decreasing over time, but so are the corresponding figures for
the other country groups. This may be partly explained by the expansion of the WoS database over time, with the addition
of new citation indexes (e.g. the Proceedings Citation Index), which means that more of the scientific literature is covered
by the database [35].

We hope that this analysis will spur further research on the extent to which OA has benefitted research and researchers
in countries with limited financial resources. For example, it would be interesting to assess how the patterns are influ-
enced by specific support models that offer free or low-cost access to academic literature, such as the Research4Life pro-
gramme. Literature categorised as closed access in Unpaywall might still be accessible to researchers in lower-income
nations via these models. Similarly, the impact of closed access literature that remains accessible through providers and
platforms such as ResearchGate (researchgate.net) was unaccounted for in our analysis and could be investigated.

This article focused on single-country-authored publications. Another fruitful research avenue could be to analyse this
publication set against one containing co-authorships between lower- and higher-income countries to ascertain whether
collaborating with researchers in higher-income countries incurs the same changes in reference lists as the existence of
OA literature.

6. Conclusion

OA has significantly changed the global publishing landscape. The potential benefits and risks of this transformation
have been extensively discussed in the scientific literature and other forums. Despite the prevalence of OA in the con-
temporary literature, a considerable portion of historical publications remains subscription-based. Our investigation has
analysed changes in researchers’ reference practices during the evolution of OA (the last 20 years). The backdrop is that
there has been a significant increase in the number of references in scientific publications in the last 40 years, with a tra-
ditionally strong difference between lower-income and higher-income countries in terms of the number of references.
Part of this difference may be attributed to country and field differences in citation practices, but we believe that the
main explanation is the difference in access to scientific literature, that is, research that can be used for reference pur-
poses. Our study points to OA as a successful tool in reducing the traditional cleft between regions based on economic
wealth in terms of (1) number of references, (2) the age of references and (3) the share of references from WoS-indexed
scientific papers.
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Note

1. An interesting observation made by Simard et al. [7] is the fact that most publishers provide publication fee waivers for researchers
from low-income countries but only partially for middle-income countries, which may explain why OA is used more frequently in
low-income countries relative to middle-income countries.
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