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ABSTRACT

Current implementations of Open Access (OA) publishing frequently involve article processing
charges (APCs). Increasing evidence has emerged that APCs impede researchers with fewer
resources in publishing their research as OA. We analyzed 1.5 million scientific articles from
journals listed in the Directory of Open Access Journals to assess average APCs and their
determinants for a comprehensive set of journal publications across scientific disciplines,
world regions, and through time. Levels of APCs were strongly stratified by scientific fields
and the institutions’ countries, corroborating previous findings on publishing cultures and
the impact of mandates of research funders. After controlling for country and scientific field
with a multilevel mixture model, however, we found small to moderate effects of levels of
institutional resourcing on the level of APCs. The effects were largest in countries with low
GDP, suggesting decreasing marginal effects of institutional resources when general levels of
funding are high. Our findings provide further evidence on how APCs stratify OA publishing
and highlight the need for alternative publishing models.

1. INTRODUCTION

Science is central in today’s knowledge societies (Stehr, 1994), and is seen as essential to inno-
vation and economic prosperity (Miao, Murray et al., 2022). Yet, science is not conducted in a
vacuum. Who performs science has implications on what is studied. For example, diseases
and conditions primarily affecting women are strongly understudied in the medical sciences
(e.g., Beery & Zucker, 2011; Young, Fisher, & Kirkman, 2019), due to male researchers per-
forming less research directed at women. Similar trends can be found for other factors, such as
race and ethnicity (e.g., Deardorff, Hoyt et al., 2019; Turner, Steinberg et al., 2022). For sci-
ence to meet humanity’s needs, scientific research should incorporate knowledge from a
diverse range of academics (see also Naik, Sugimoto et al. (2022))".

A growing body of literature examines how knowledge generation is structured globally,
and highlights how scholarship from outside of the Global North is often deemed less relevant
or credible (Albornoz, Okune, & Chan, 2020; Collyer, 2018), or overlooked (Gomez, Herman,
& Parigi, 2022). The open access (OA) movement initially raised hopes of leveling the playing

" This is reflected, for example, in the 2021 UNESCO Recommendations on Open Science, calling for Open
Science to “embrace a diversity of knowledge, practices, workflows, languages, research outputs and
research topics that support the needs and epistemic pluralism of the scientific community as a whole”
(UNESCO, 2021).
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field somewhat ( ), by removing the barriers to accessing knowl-
edge posed by journal subscriptions ( ). Although more and more
research is becoming freely available ( ), recent research shows that

one specific model of OA, publisher-hosted (gold) OA, funded by author-facing charges (arti-
cle processing charges, or APCs), is erecting a new barrier, preventing authors in less resourced
settings (countries, institutions, fields) from contributing to the scientific record (

’ ’ ’ ’

).

This potential new barrier has been examined on the level of individual authors, institu-
tions, countries, and fields. Focusing on the individual level and investigating data from the
United States, found a higher likelihood for publishing OA
articles that involve an APC for authors of male gender, from prestigious institutions, with
previous federal research funding, or an association with a STEM field. They conclude that
“Iplarticipation in APC OA publishing appears to be skewed toward scholars with greater
access to resources and job security.” Along similar lines,
reported that in a survey of Canadian and U.S. academics, publication costs were of higher
relevance for women than men in making publishing decisions. The role of institutional sup-
port in covering APCs is evidently of urgency for researchers without an affiliation to a
research-oriented institution. High APCs and APCs in general might preclude this growing seg-
ment of researchers from contributing to the scientific record ( ; ;

. p. 1673).

Investigating the association between institutional characteristics and publishing outcomes,
found a clear hierarchy in publishing access outcomes. Analyzing a set of
articles from health research, they found that authors from lower ranked and presumably less
wealthy institutions were more likely to publish in toll-access journals, as well as in OA jour-
nals with no APC. A key driver for the move towards OA publishing is institutional policies,
with finding clear signals for mandates to increase levels of OA
publishing. Furthermore, the authors found publisher-mediated OA to be more common in
Latin American and African universities, which they attribute to the publishing infrastructure
in Latin America (e.g., SciELO) and funder mandates in Africa.

These differences on individual and institutional levels are complemented by inequalities of
access to scientific publishing at the level of countries and regions. Researchers from the
Global South have more difficulties in paying increasingly high APCs simply due to lower pur-

chasing power parity ( ). Waivers for APCs do exist but are not always
effective in countering this issue ( ; ; cf.
). Investigating the geographic diversity of authors across 37,000 articles from Elsevier’s

I//

“mirror-journal” system, found a lower geographic diversity of authors for
OA articles, and in particular, articles requiring an APC, than for non-OA articles. The authors
conclude that their results provide support for the hypothesis that APCs “are a barrier to OA
publication by scientists from the low-income countries of the Global South.”

In assessing differences in APCs across contexts, scientific fields are an important mediating
factor. Studying average APC amounts for Gold and hybrid OA publishing, Bjork and Solomon
( ; ) found higher average APCs journals in
STEM, with substantially lower APCs in the Social Sciences and Humanities. These trends
might be partially associated with much higher external project funding in STEM than SSH
disciplines ( ).
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The discrepancy in access to publishing is linked to the broader system of knowledge pro-
duction and its global distribution. Research from the Global North is often focused on phe-
nomena and viewpoints that are relevant to those countries. Research on issues relevant to
other regions or communities is commonly not deemed relevant by the Global North and sub-
sequently not accepted for publication in prestigious international journals. In the Global
South on the other hand, there is a strong focus on publishing “internationally,” that is, in jour-
nals published in the Global North ( ; ). Publications in highly
prestigious journals are even sometimes rewarded directly in terms of cash payments (although
this practice was abolished in 2020 in China [ 1), and are uniformly incentiv-
ized indirectly through higher chances to receive promotions ( ). This leads
to a situation in which, for researchers from the Global South to publish Open Access in highly
regarded journals, they not only have to align their research with that of the North’s agenda,
but also to pay even higher APCs, as perceived journal prestige (represented by common mea-
sures such as the Impact Factor or the DOAJ SEAL) and levels of APCs are linked (

; ; ; ). In economic terms,
research money from low-income countries (LIC) partly subsidizes the most prestigious pub-
lishing outlets, with researchers from less industrialized countries publishing considerably
more frequently in megajournals such as PLOS ONE than in the publisher’'s more prestigious
counterparts like PLOS Biology ( ).

Finally, these tendencies might lead research published in local journals to become less
visible. As high-income countries enforce policies to publish OA, research from LIC which
might not yet be OA becomes even less visible ( ;

). As local journals also usually have lower rankings on common metrics such as the
journal impact factor, research published in these journals not only receives less exposure
but might be perceived as to be of lesser quality ( ).

Given initial evidence that the OA model involving APCs seems to be erecting a new bar-
rier for prospective authors, this paper extends and corroborates previous research in analyz-
ing average APCs and their determinants for a comprehensive set of journal publications
across scientific disciplines and world regions, and through time. We pay special attention
to the potential effect of institutional resources on APCs and their variation across contexts.
In doing so, we provide important evidence to the discussion of how APCs shape publishing
outcomes, which we hope will contribute to a more equitable implementation of OA publish-
ing in the future. Our analysis suggests that levels of institutional resourcing and average APCs
paid by researchers are related, even when controlling for contextual factors such as academic
discipline or country. This APC-Barrier highlights the need for alternative publishing models
that are inclusive to researchers irrespective of their institution’s level of support for APCs. In

, we discuss how the data set was constructed and explain the methodological steps
taken throughout. introduces the main findings of the paper, combining an analysis
based on descriptive statistics with a formal hierarchical model. discusses the
findings and highlights implications, while acknowledging some limitations inherent to the
analysis.

2. METHODS

For this study, we assembled a large bibliographic data set consisting of 1,572,417 publica-
tions. These publications represent all publications published between 2009 and 2019 among
journals listed in the Directory of Open Access Journals (DOA)), where first and/or last authors
were affiliated with any institution listed in the 2021 CWTS Leiden Ranking.

24
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OpenAlex ( ) served as the primary source for bibliographic
data. After the decommissioning of Microsoft Academic Graph (MAG) ( ;

), OpenAlex now incorporates all data previously present in MAG, which was
further enriched by adding data from Unpaywall on Open Access publication status and other
identifiers. In using OpenAlex, we found identifiers for publication venues (e.g., journals) to be
more reliable than in MAG, significantly improving the potential for matching with further data
sources. compared MAG with OpenAlex in terms of cov-
erage and metadata accuracy and found that OpenAlex is at least as suited for bibliometric
analyses as MAG was. We used the OpenAlex snapshot that was released on April 7, 2022,
and converted the .json files to .csv files via python code supplied by the nonprofit organiza-
tion that built OpenAlex”. All further descriptive analysis of the data was conducted with
Spark, via the R package sparklyr ( ).

In line with previous research (e.g., ; but see

on a more thorough approach using historical data), we obtained data on APCs via the
public data dump from DOAJ, dated June 3, 2022. As of mid-2022, the DOAJ hosted a
community-curated list of close to 18,000 Open Access and peer-reviewed journals. The data
from DOAJ contains information on whether the journal imposes an APC and its amount in
varying currencies. To match data from DOAJ to OpenAlex, we used the linking ISSN table,
which we obtained from the ISSN International Centre on June 13, 2022". Starting from the list
of journals in DOAJ, containing 17,717 journals, we were able to match 15,640 (88.3%)
venues from OpenAlex. To unify the data on APC charges across currencies, we followed three
steps: if an amount was specified in U.S. dollars, we kept this record; if multiple currencies
were recorded, we preferred the version in U.S. dollars; and if the amount was not provided
in U.S. dollars, we converted it, using the exchange rates at June 4, 2022, following
. During data pre-processing, we identified a few journals with erroneous values

for APCs, which we subsequently corrected.

2.1. Assigning Publications to Institutions and Fields

To assign publications to institutions, we relied on the information provided in OpenAlex.
OpenAlex records the authors of each publication, and parses affiliation information to assign
authors to institutions. In the case of single authorships, the publication received a weight of
“1” towards the institution of the single author. In the case of multiple authors, we used full
counting among authors and fractional counting for authors affiliated with multiple institu-
tions. The following example may illustrate the approach: A given publication P has two
authors A and B. Author A has one affiliation (a;), author B has two affiliations (a,, as). The
subsequent weights for publication P were as follows: w,; = 1, wa, = 0.5, w,; = 0.5. We
restricted our analysis to first and last authors, following the rationale that decisions on venues
and publishing models would usually be taken by the senior and/or the authors that contrib-
uted the most ( ). Recent studies have used first and corresponding authors to
attribute publications ( ; ). As OpenAlex does not
contain information on corresponding authors, we used first and last authors, which contribute
more to publications than middle authors ( ).

To assign publications to fields, we relied on the “concepts” provided with OpenAlex. Sim-
ilar to MAG, publications are tagged with concepts. The concepts in OpenAlex are identical
on the upper two levels of the hierarchy, whereas OpenAlex has a substantially reduced

2
3
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number of concepts on the lower levels ( ). For our analysis,
we relied on the top-level concepts only, which consist of 19 unique fields. OpenAlex further
provides a “score” for how strongly a given publication is linked to a given concept™. We con-
structed an approach to fractional counting similar to that of institutions, but adapting it to
account for the uncertainty around tagging works. For each publication, we calculated the
weight towards a single concept ¢ as

scorec

n
Y ey Scorec

We =

with score;, score,, ..., score, denoting all top-level concepts assigned to the given publication.

2.2. Country and Institution-Specific Indicators
2.2.1. Country indicators

Most institutions present in OpenAlex are assigned to a country, via data from MAG or ROR
(Research Organization Registry)’. To enrich the data from OpenAlex on countries with further
information, we used data from the World Bank, via the R package WDI ( ).
Specifically, we matched the institutions’ countries with the general metadata tables to obtain
an indicator for world regions (“East Asia & Pacific,” “Europe & Central Asia,” etc.). Matching
was conducted using the two-digit ISO code provided in both data sets. For data on country
income (GDP), we used the indicator “NY.GDP.PCAP.KD,” which refers to the GDP per capita
in 2015 constant U.S. dollars.

2.2.2. Institutional indicators

For data on levels of institutional resourcing, we used the CWTS 2021 Leiden Ranking (

), comprising 1,225 universities across 69 countries. We used the indicator Py 10%,
which is defined as “[tlhe number [...] of a university’s publications that, compared with other
publications in the same field and in the same year, belong to the top 10% most frequently
cited””. Previous research ( ) has emphasized the role of
university age and size when it comes to the level of resources available for supporting
research activities (through research equipment, graduate programs, libraries, institutional
assistance in securing grant funding, etc.). For this reason, we chose the size-dependent indi-
cator Pyp 109 Over size-independent alternatives.

A three-step procedure was undertaken to match records from the Leiden Ranking to Open-
Alex. In the first step, we normalized university names and matched based on exact similarity.
Normalization included converting to lowercase, unifying encodings, removing commas, and
replacing “&” with “and.” Duplicate names (e.g., two “University of Heidelberg” in
OpenAlex—one in Germany, and one in Ohio) were a rare issue, and were resolved by only
retaining matched universities where the countries listed in the Leiden Ranking and OpenAlex
also matched. In the second step, we manually matched the remaining universities by search-
ing for a given university name coming from the Leiden Ranking in OpenAlex. Common
examples of names that could not be matched automatically were the use of different lan-
guages (“Technische Universitit Berlin” vs. “Technical University of Berlin”; or “Universidade
de Lisboa” vs. “University of Lisbon”), different uses of linking words (“the” or “of”), or the use
of different name variants, for example, by using abbreviations (ETH Ziirich, VU Amsterdam,

4
5
6
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Figure 1. Directed acyclic graph (DAQG) of potential causal effects on levels of APCs. The effect of
institutional resources (“inst-resources”) on the amount of APC charges (“APC-amount”) is mediated
via the journal. Two main causal paths are marked in green: the direct effect on journal choice, and
the indirect effect via paper quality. Our model uses varying slopes for “inst-resources” across coun-
tries and fields, and varying intercepts for countries and fields themselves.

KU Leuven, TU Wien, etc.). We used Google searches and Wikipedia to find common and
outdated name variants. We further used the links to Wikipedia entries and the institutions
themselves, which are provided in OpenAlex, as well as the map provided in the online ver-
sion of the Leiden Ranking’. We were able to match all but one university, resulting in 1,224
(99.9%) matched institutions.

2.3. Hierarchical Modeling

There are many different factors that might lead to differences in publishing outcomes.

depicts some of the most salient factors with a directed acyclic graph (DAG). DAGs allow us to
represent the causal assumptions of the studied phenomenon visually ( ). Institu-
tional resources are assumed to contribute to APC levels through two pathways: directly and
indirectly via publication quality, where better resources might lead to higher publication
quality, which in turn influences where the manuscript might eventually be published. To esti-
mate the total causal effect of institutional resources on APC outcomes, we would need to
control for institutions and countries. To estimate the direct causal effect of institutional
resources on APC outcomes, we would additionally need to control for publication quality
( ). Given that different scientific fields exhibit highly varying
publishing cultures (e.g., the different significance of book, journal, and conference publica-
tions; varying degrees of acceptance towards preprints, etc.), it is reasonable to assume that
relationships might additionally be mediated by scientific fields.

To reduce potential biases in our estimates of the effect of institutional resources on levels of
APCs, we constructed a Bayesian multilevel mixture model that controls for scientific field and
country. Initially, we planned to also control for institutions. However, our early models

7 For example,
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suffered from nonidentifiability, because the Leiden Ranking only includes single universities
for multiple countries. The mixture components of the model address two particularities of the
dependent variable (APC amounts): More than two-thirds of journals in DOAJ charge no APC
at all, and this should be incorporated into the model for a comprehensive analysis; and the
distribution of APC amounts is multimodal, with a peak for some fields at below U.S. $500, and a
main peak for most fields at around U.S. $2,000. We hypothesize that this bimodal distribution
stems from differing strategies of publishers and traditions within fields, because the extent to
which APCs exhibit the bimodal tendency varies by field ( , ).

Our modeling approach started with a hurdle model, combining a logistic regression for the
question of whether a given article had an APC or not, and a lognormal model for the APC
amount (conceptually similar to the analysis of ). As evidenced
by posterior predictive checks on the overall distribution of APC amounts, as well as when
making predictions for particular countries, the model did not fit the data well, due to the
bimodal distribution of nonzero values ( and S9, ). For this
reason, the model presented in this paper combines two hurdle models in one. The weight
given to the two model components is estimated alongside the other parameters, and modeled
with respect to the scientific field. Employing multilevel modeling allows us to estimate slopes
and intercepts even for countries with only a few universities, by partially pooling information
from across the whole data set ( ; ). Although these esti-
mates might be more variable, we prefer including all data in the model, as rules for excluding
countries based on the number of universities or publications are bound to be arbitrary. Addi-
tionally, the exclusion of smaller countries would bias results towards effects present in larger
institutions. Further details on the model, including choice of priors and strategies to counter
computational difficulties in fitting the model are provided in the supplement.

Because modeling the full data set with Bayesian inference was not feasible, we randomly
sampled 8% of articles from the full data set for 2016-2019, which led to a sample size of
76,447. Given its size and the random sampling procedure, the sample is representative of
the whole data set.

The model uses log-transformations for both the dependent variable (APC amount) and the
independent variable (P, 10%), Which is stratified by field and country. Given the model’s
complexity in having two hurdle components and two lognormal components, standard mea-
sures of directly interpreting coefficients to yield “marginal effects” were not applicable.
Equally, we did not deem commonly employed average marginal effects across the whole
sample to be informative, given the large share of publications coming from just three coun-
tries (China, United States, Brazil). Instead, we constructed comparable effect sizes across the
range of Pyp 109 by making predictions at the 20%, 50%, and 80% quantile (prediction A),
retaining the predicted draws from the posterior distribution. We then made predictions from

the model for the value of P 109 at the three cut-offs raised by 1% (prediction B) and cal-

prediction B
prediction A’

dard interpretation of “log-log models,” where a 1% change in the independent variable (here:
Pop 10%) leads to a change of B% in the dependent variable (here: APC value). The approach
can be understood as representing marginal effects at representative values. The Bayesian
nature of the model allowed us to construct compatibility regions by visualizing the density
of the computed ratios.

culated the ratio as g = This yields values that can readily be interpreted in the stan-

To analyze effects for fields, we predicted the ratios for all fields and countries, and then
averaged over the effect across countries. In this sense, the effects displayed below are not
average marginal effects across the whole sample but average marginal effects at
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representative values, weighting each country equally. To analyze effects for countries, we
proceeded similarly, averaging over fields for the predictions of each country. This approach
combines effects across all model components (i.e., the modeled process for zero and nonzero
APCs, as well as the two components predicting the actual size of nonzero APCs).

2.4. Description of the Data

The full data set consists of 1,572,417 publications. The most prevalent field in our data is
“Medicine,” with the share of fractional weights reaching 30.6% (Table 1, Figure S1). Contrary
to the general distribution of fields in MAG and OpenAlex, the second most common field is
“Biology” (18.5%). The social sciences are less prevalent in the overall sample, with, for exam-
ple, publications assigned to “History” amounting to 0.2% of all publications. The high prev-
alence of “Medicine” and “Biology” and low prevalence of other disciplines can be attributed
to two main reasons: First, the general distribution of publications across fields in OpenAlex,
and second, the prevalence of certain fields for journals listed in the DOA).

Similarly, the proportion of publications assigned to countries and world regions is driven
by two processes: first, the general distribution of countries across publications, and second,

Table 1.  Fractional publications by field

Field Fractional papers Proportion
Medicine 481,047 30.6%
Biology 290,499 18.5%
Chemistry 163,767 10.4%
Computer science 140,438 8.9%
Materials science 106,550 6.8%
Psychology 98,461 6.3%
Environmental science 46,768 3.0%
Physics 44,382 2.8%
Political science 36,339 2.3%
Geography 31,787 2.0%
Sociology 29,340 1.9%
Mathematics 24,093 1.5%
Art 21,573 1.4%
Business 20,992 1.3%
Geology 13,937 0.9%
Philosophy 10,596 0.7%
Economics 5,709 0.4%
History 3,379 0.2%
Engineering 2,760 0.2%
29
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the number of institutions per country that are part of the Leiden Ranking. The number of uni-
versities in the Leiden Ranking follows a general division of research productivity, with coun-
tries such as China, the United States, Japan, and Germany having many universities in the
ranking, and smaller countries or countries with smaller footprints in the international publish-
ing landscape (such as Algeria, Luxembourg, Kuwait, Uganda, and Estonia) only having single
universities in the 2019 edition of the ranking.

The distribution of ranked universities across countries also broadly aligns with the overall
number of outputs produced in certain countries and world regions. ,

, displays the frequencies and counts across continents. Overall, the largest share of
publications in our data set comes from universities in East Asia & Pacific (31.1%), followed by
Europe & Central Asia (30.1%), North America (21.2%), and Latin America & Caribbean
(12.1%). There are few publications from the Middle East & North Africa (3.0%), South Asia
(1.2%), and Sub-Saharan Africa (1.2%).

3. RESULTS

3.1. Descriptive Findings

Taking a high-level view of the data, we find a moderate relationship between levels of insti-
tutional resourcing and average levels of APCs for the period 2016-2019 ( ). Assigning
publications to institutions by first and last author does not change the relationship. Given the
highly skewed nature of Piop 10%, We show a log-linear relationship. In conceptual terms, this
means that a one-unit increase at lower levels of Py, 199, is considered to be more relevant than
at high levels. To investigate how the association develops over time, we analyze the mean APC
amounts of the journals for the quartiles of the Py, 109, distribution ( ). In line with the
cross-sectional view of , we find that levels of institutional resourcing are associated
with the average levels of APCs of the journals in which the institutions’ researchers publish.
In particular, the highest quartile (the top 25% universities according to Piop, 109) exhibits a sub-
stantially higher mean APC than all other quartiles. The stratification between the quartiles does
not change substantially over the observed period, with a slight decrease in the distance
between quartiles, and thus a slight reduction in inequality in terms of the APC amount. Given
that we use fixed values for APCs across the whole time period, the upward trend most likely
represents a shift in publishing patterns and is not driven by an increase in APCs.

3.1.1. Comparing scientific fields

When breaking down the association between institutional resources and levels of APCs
across fields, we find that the general pattern holds ( ): authors from higher ranked
institutions publish on average in journals with higher APCs. The strength of the association
differs between fields, and there is substantial nonlinearity. It should be noted that there is
much less data in smaller fields such as “Philosophy.” The estimate of the observed trends
is therefore more variable than in fields such as “Biology” and “Medicine.”

The differences in changes along Py, 109 must also be understood in terms of differences in
overall levels of APCs, which differ substantially between fields ( ). Particularly high
APCs can be found for journals publishing research in “Biology” (average APC: U.S. $2,118),
followed by “Chemistry” (U.S. $1,824) and “Medicine” (U.S. $1,813). At the other end of the
spectrum are journals publishing research in the social sciences and humanities, with average
APCs of U.S. $59 in “Art,” U.S. $71 in “Philosophy,” and U.S. $170 in “Sociology.” The partic-
ularly low average APCs for these fields are to a large extent driven by a high share of publi-
cations in journals with no APC.
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Figure 2. Association between institutional resources (Pop 10%) and average APC. The APC is derived from the APC listed for each journal in
the DOA]. Journals with no APC are included with an APC of U.S. $0. (A) displays the association for the time period 2016-2019. The x-axis is
on a logo-scale—the displayed relationship is thus nonlinear. The line represents a general additive model fit with cubic splines (default
settings from geom_smooth() from the ggplot2 R package). (B) displays the association over time, with Py, 104 broken down into quartiles.
We use fixed values for APCs across the whole time period.

Analyzing the association across fields over time (Figures S4 and S5, Supplementary
material) we observe heterogeneous trends. Although in some fields (“Biology” and “Chemis-
try”) average APCs have been rising from 2009 to 2019, other fields exhibit stable levels of
APCs (e.g., “Mathematics,” “Geography,” “Geology”) or downwards trends (“Physics”). Con-
sidering the stratification within fields (as evidenced by the spread between quatrtiles), no clear
pattern is discernible. The data suggest a narrowing of the gap between lowest and highest
ranked institutions for “Biology” and “Chemistry,” and a potential slight increase in stratifica-
tion for research in “Computer science” and “Sociology.” Given that our analysis uses static
values for APCs per journal, this most likely represents a shift in where researchers tend to
publish (e.g., in journals with or without APCs, or with high or low APCs).
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Figure 3. APC by field. (A) shows the association between APC and P, 10+ per field for the papers published in 2016-2019. Journals with no
APC are included with an APC of U.S. $0. To aid interpretation, only selected fields are displayed in color, with the remaining fields plotted in
grey. An interactive version of the plot is available in the notebooks published with the code. (B) displays the average APC in the respective
fields (2009-2019). The average APC is obtained by multiplying the fractional contribution of each paper towards all fields with the APC of the
journal in which it is published and dividing by the sum of fractional contributions within each field. Journals with no APC are included with
an APC of U.S. $0.

3.1.2. Comparing countries

Contrasting average APCs between countries, we observe substantial variation (Table ST,
Supplementary material). We find the highest average APCs for researchers at institutions in
Israel, Switzerland, and Singapore, with average APCs of about U.S. $2,200. In contrast, the
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lowest average APCs can be observed for researchers at institutions in Colombia and Brazil,
with average APCs below U.S. $500. To further explore the variation, we compare the average
APC per country with the country’s GDP per capita ( ). We observe high variation in aver-
age APCs for authors from countries with low to medium GDP per capita (< U.S. $30,000),
ranging from U.S. $429 in Brazil to U.S. $2,002 in China. In contrast, the average APC for
authors from countries with a GDP per capita above U.S. $30,000 consistently ranges from
U.S. $1,700 to U.S. $2,200. Within the cluster of lower income countries, two key observa-
tions can be made. First, the average APC for authors from Latin America and the Caribbean is
consistently low, with the highest average APC among these countries in Mexico (U.S. $701).
The low levels of APC in these countries likely are a result of local publishing cultures and
infrastructure (e.g., SCiELO), and potentially the emergence of local journals with low APCs.
Second, in contrast, the average APC for authors from Sub-Saharan Africa is relatively high,
ranging from U.S. $1,167 to U.S. $1,895. Given that for many countries only a few universities
are listed in the Leiden Ranking, we recreated among all institutions present in
OpenAlex ( , ). Average APCs across countries are slightly
lower, but the association between GDP per capita and average APCs is unchanged.

The relatively high rates of average APCs in countries from Sub-Saharan Africa likely reflect
the strong influence of research funding towards these countries, and subsequent mandates to
publish OA, which has previously been suggested by . An
exploratory analysis of the prevalence of field-specific publications across continents indeed
reveals that the share of publications in “Medicine” from Sub-Saharan African countries is very
high (42.8%), which lends support to this hypothesis. The rate of publications in “Medicine” is
even higher in South Asia, whereas the average APC in South Asia is substantially lower. Here,
we would suspect that these publications are to a lesser extent driven by third-party funding.
The high average APC for China likely reflects its rise to one of the leading nations in science
( ; ; ).
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Figure 5. Association between institutional resources and mean APC across world regions. Jour-
nals with no APC are included with an APC of U.S. $0.

A purely descriptive analysis of associations between institutional ranking and average APC
across countries is not possible, given that some countries have only a few ranked institutions.
therefore displays the association broken down by continent, and we estimate indi-
vidual country effects with a hierarchical mixture model in the next section. The descriptive
analysis reveals that there are large disparities in terms of overall levels of APCs. The relation-
ship between institutional ranking and mean APC is strongest in Europe & Central Asia,
although the steep slope for low regions of Py 109 (from 30 to 100) should be interpreted
with caution due to few data points in this region. The trends for all other continents are much
more variable, also due to a low amount of data (few universities per continent) and we there-
fore do not interpret their slopes.

3.2. Modeling the Effect of Institutional Resources Across Fields and Countries

To separate the effect of Pp 109 on levels of APCs from country and field effects, we used a
Bayesian multilevel mixture model. displays the effect of a 1% increase in Piop 109 ON
the level of APCs. For all fields except Mathematics, Physics, and Art, higher institutional
resources are associated with higher APCs. For most fields, the effect is nonlinear in that it
is more pronounced at lower levels of institutional resources than at higher levels. This might
suggest support for the hypothesis that institutional resourcing influences submission choices
of authors by enlarging or restricting the space of potential venues due to economic reasons.
The effect of institutional resources on APCs is strongest in fields from the social sciences
(“Political science,” “Sociology,” “Business”). Estimates for the arts and humanities (“Art,”
“History,” “Philosophy”) are not uniform, but exhibit wide credibility regions. The wide inter-
vals are a consequence of these fields exhibiting high rates of zero-APC publishing, which
result in a low number of cases to estimate the nonzero component of the model.

Effects in the natural and life sciences (“Biology,” “Medicine,” “Materials science,” “Chem-
istry”) are estimated to be low, with narrow credibility intervals. The negative effect of institu-
tional resources on APC amounts in “Mathematics” is mainly driven by the hurdle component
of the model (i.e., authors from higher ranked institutions publish more frequently in journals
with no APC at all in these fields, compared to the average of all fields). In contrast, for
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Figure 6. Effect of an increase in P, 199 on the level of APC across fields. The dot represents the median effect averaged over the predicted
effects across countries, with the lines representing 50% and 90% highest density intervals.

research published in “Environmental science” and “Sociology,” authors from higher ranked
institutions tend to publish in journals with no APC less than their peers from lower ranked
institutions.

Comparing the effect of institutional resources on the level of APCs across countries, we
find small to moderate effects, with substantial heterogeneity in the estimates and their vari-
ability. Figures S12 and S13 (Supplementary material) show the estimates split by continent,
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and by low, middle, and high levels of P, 109, (as above). Almost all continents show a spread
between countries with moderate negative effects versus those with moderate to large positive
effects (e.g., New Zealand-Malaysia, Greece-Slovakia, Tunisia—Iran, Uganda—Nigeria). Ana-
lyzing the effects across countries, we hypothesized that the differences in effect sizes might be
related to overall levels of wealth. We therefore conducted a post hoc analysis, plotting the
country estimates along the countries” GDP per capita ( ). This analysis indeed suggests
that the effect of institutional resources tends to be stronger in countries with low levels of GDP
per capita. Comparing the effect of institutional resources on APCs across countries ( )
with overall levels of APCs per country ( ) suggests a threshold effect: Institutional
resources have a small effect on levels of APCs in countries where the overall APC level is
high. This might be explained by general levels of resourcing. Alternatively, it could also point
to country-specific policies on OA publishing. An additional observation of note is the low
estimates for the effect of levels of institutional resourcing on levels of APCs among Sub-
Saharan African countries.

4. DISCUSSION

Open Science holds the promise to make research processes more transparent, efficient, rig-
orous, and inclusive. Yet, current incarnations of OA publishing seem to partly contradict these
goals. In this study we investigated what we term the “APC-barrier,” finding that higher insti-
tutional resourcing is associated with researchers publishing in journals with higher APCs. This
linkage is nonlinear and heterogeneous across fields. Although our study has limitations
regarding the measurements used, our findings suggest support for the hypothesis that
author-facing charges in OA publishing present a barrier to publication and reduce the pool
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of knowledge that enters the scientific record. Our results extend and corroborate previous
research ( ; ; ) on potential factors
that influence who is able to publish where.

At a global level, we find substantial heterogeneity in average levels of APCs across fields
and countries. We observe high average APCs of above U.S. $1,000 for the natural and life
sciences, and low average APCs of up to U.S. $250 for the social sciences and humanities
(with the exception of “Economics” and “Business”). Grouping institutions by country, we find
a clear economic divide, with high average APCs for countries with a GDP per capita above
U.S. $30,000, and very heterogeneous levels of average APCs for less wealthy countries. This
heterogeneity can be partly attributed to the effects of policies and alternative publishing
models in Latin America ( ), and targeted research funding in Sub-Saharan
Africa ( ). The case of Sub-Saharan African countries is particularly
interesting, as our model’s estimates of the effect of institutional resources on levels of APCs
are close to zero here. This might further point towards the local importance of third-party
funding in driving APC-based OA uptake, as opposed to institutional resources, which are
seemingly less important.

There are multiple processes at play that lead to the observed data on the distribution of
APCs across fields and countries. Following , we jointly mod-
eled the questions of whether a given publication involved an APC or not, and if yes, its mag-
nitude. Our results indicate that this distinction is of relevance, given that for some fields (e.g.,
“Mathematics”) higher levels of institutional resourcing are associated with higher rates of zero
APCs, but it is the opposite for other fields (e.g., “Environmental science,” “Sociology”). Our
assumption is that institutional resources contribute to covering APCs in at least two ways: first
through direct funding of APCs, and second through transformative agreements (

), where institutions make deals with major publishers to cover APCs.
Direct funding of APCs, if not covered by transformative agreements, is often granted through
institutional publishing funds, which commonly also include a cap on the maximum APC that
is covered ( ; ). It can be assumed that such
funds are more common among higher ranking institutions with greater resourcing.

Considering the assumed causal pathways depicted in , our modeling approach is
able to account for some sources of confounding (country and field effects), while other poten-
tial confounders have not been incorporated. One important alternative explanation for our
results would be the causal path institutional resources — research quality — journal —
APC amount. It can be assumed that institutional resources have some effect on research qual-
ity (through better infrastructure, higher attractiveness for coauthorships, etc.). Given that there
is a moderate link between the perceived quality of journals and the levels of APCs they
charge ( ; ; ), this path could
account for some of the effects we measure. However, two observations suggest that this might
not be a particularly severe issue. First, the correlation between journal prestige (measured via
the Impact Factor (IF)) and APC is only moderate, and further, the IF itself is highly debated as a
measure for quality ( ; ;

; ; ; ). Second,
our estimates of the effect of institutional resources on levels of APCs are highest for the fields
“Political science” and “Sociology,” which we argue are less resource dependent than other
fields with low estimates (e.g., “Physics,” “Medicine”).

As pointed out by one of our reviewers, it is possible that Py 109 actually measures the
quality of an institution rather than its resources. Our results would therefore provide an
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estimate of the effect of quality — journal — APC amount. Although this is certainly possible,
we assume Py, 109 to be more indicative of institutional resources than of their inherent qual-
ity, because it is highly correlated with overall publication output (denoted as “P” in the Leiden
Ranking). This points to a crucial issue in studying the effect of institutional resources on OA
publishing, which is a lack of more specific data on universities’ support budgets for APCs.
Further support for initiatives like OpenAPC"” would enable this.

A further alternative explanation might be that more prestigious journals with high APCs
reject research from less prestigious institutions, simply because it is deemed less credible
( ; ). However, given that the negative effect of APCs on
the geographic diversity of authors is substantial ( ), we don’t expect this to
be a major source of bias.

Our analysis points to threshold effects when it comes to the effect of institutional resour-
cing on levels of APCs across countries and fields. In most fields, and particularly those with
more observations, the effect of the ranking position on levels of APCs is higher for lower rank-
ing levels. This suggests that resources do make a difference: Once institutions reach a certain
level of resourcing, they seem to be able to cover common APCs. Similarly, lower GDP is
associated with a stronger effect of institutional resources on APCs in most cases (with the
exceptions of Sub-Saharan Africa and, most notably, China). This again suggests that levels
of resourcing play a role and points to a threshold effect: In medium- to high-income countries,
most institutions can be assumed to be able to support APCs. Above this threshold, ranking
differences are only weakly related to levels of APCs. In lower income countries, institutional
differences are larger, and structured along the dimension of resourcing.

The observed forces clearly perpetuate the system of cumulative advantage inherent to aca-
demia, as well-funded research groups are better able to secure OA publications in prestigious
journals with high APCs, leading to citation advantages and further funding down the line. We
believe that this demonstrates the impact of APC pricing on the scholarly landscape and that
these charges may have a chilling effect on opportunity and equality for researchers from less
prestigious or less wealthy institutions. Such stratifications in publishing, favoring traditionally
advantaged actors, will only exacerbate historical inequalities ( ) and undermine
the wider aims of Open Science ( ; ).
If research is to live up to present and future challenges, it should seek to avoid modes of
scholarly publication that exacerbate the marginalization of voices from societies and commu-
nities less embedded in the global production of knowledge.

Waivers for APCs do exist, but are, in our estimation, ineffective in countering these issues.
Waivers are only applied on request, yet such discount policies are not well communicated
(i.e., authors are often unaware). Hybrid journals do not usually offer waivers for OA in their
journals, and where waivers are in place, often do not mitigate costs enough to encourage OA
authorship ( ; ; ).
Most damagingly, however, in our view waivers support rather than challenge the status quo.
They are a bandage on the structural inequalities exposed by a system of payment for authorship,
not addressing the underlying issues but rather putting the burden on already disadvantaged
scholars to appeal for assistance via poorly documented, poorly communicated, ad hoc pro-
cesses whose conditions of application are apt to change.

To take steps towards more equitable publishing models, a range of recommendations have
been developed in the ON-MERRIT project ( ) and
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beyond ( ). Critically important are alternative publishing models that involve
no author-facing charges at all (e.g., Diamond OA). Open and sustainable publishing infra-
structures should be supported by researchers, institutions, and funders, laying the groundwork
of reduced publishing costs and shaping a future where publishing involves no charges,
neither for authors nor for readers. In parallel, self-archiving of peer-reviewed works should
continue to receive increased attention, given that it can immediately be realized by
researchers and institutions. Despite the worrying trends observed in our study, solutions
are available that promise to move scholarly communication towards more equity and
diversity.

4.1. Limitations and Future Directions

Assembling the data set for this study involved many steps and decisions that could potentially
threaten the validity of our results. First, inclusion of universities into the Leiden Ranking can
be understood as a marker for resources in itself, as high production of internationally recog-
nized research is a precondition. It is therefore fair to assume that the adverse effect of APC
levels on the inclusivity and equity of the scholarly publishing landscape is even stronger for
researchers from less resourced institutions. Second, the Leiden Ranking offers a wide range of
indicators, and we analyze only one of multiple potential proxy indicators for institutional
resources. Third, the definitions of institutions (e.g., which institutes/hospitals/etc. to include)
might not completely overlap between OpenAlex and the Leiden Ranking. Additionally, affil-
iation data from OpenAlex is less complete and reliable for smaller publishers, which might
bias our results”.

Fourth, our analysis uses static values for APCs. Although this is a common approach in the

literature (e.g., ), it might introduce uncertainty in the estimates or even bias
them, given that journals do in fact change their APCs ( , ;
). conducted a similar study to but used

annual price lists and historical data on APCs to yield more accurate values for actual APCs
paid. Their estimate for the revenue of the five largest publishers is hence lower than the esti-
mate of Zhang and colleagues. Because we used the same approach as Zhang et al., it is likely
that our analysis also somewhat overestimates the averages for APCs. However, our estimates
for the relationship between institutional resources and APCs would then only be biased to the
extent that recent price increases differed greatly across disciplines or geographic regions. We
leave this as an avenue for future research.

Fifth, we restricted our analysis to publications in fully OA journals, not considering hybrid
OA publications. Given that APC charges for hybrid publications are generally higher than for
gold OA publications, we assume that the observed trends would be even stronger for OA
publications in hybrid journals. Finally, the modeling approach taken to disentangle field
and country effects posed computational challenges. We have followed available best prac-
tices, but the conclusions should be treated as explorative and be backed up by future research
with potentially different approaches.

Our study opens up multiple avenues for further research. Of primary concern should be to
find more direct measures of institutional resources. Although we assume that our proxy works
well, more direct measures, such as data on institutional support for APCs, general library sup-
port on OA, etc., should be considered. Our analysis incorporated the dimension of time for
the descriptive results; a more stringent treatment within a suitable model could shed further

9 A point made by Ludo Waltman in personal communication.
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light on how the association between institutional resources and levels of APCs changes over
time. Lastly, replication attempts using different data sources for bibliographic data (e.g., Web
of Science, Scopus, Dimensions) or data on APCs (e.g., OpenAPC) could provide further
support for the presented conclusions.
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