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Abstract
The aim was to describe biomedical retractions and analyse those retracted in 2000–2021 
due to research misconduct among authors affiliated with European institutions. A cross-
sectional study was conducted, using Retraction Watch database, Journal Citation Reports 
and PubMed as data sources. Biomedical original papers, reviews, case reports and let-
ters with at least one author affiliated with an European institution retracted between 
01/01/2000 and 30/06/2021 were included. We characterized rates over time and conducted 
an analysis on the 4 countries with the highest number of retractions: Germany, United 
Kingdom, Italy and Spain. 2069 publications were identified. Retraction rates increased 
from 10.7 to 44.8 per 100,000 publications between 2000 and 2020. Research misconduct 
accounted for most retractions (66.8%). The reasons for misconduct-related retractions 
shifted over time, ranging from problems of copyright and authorship in 2000 (2.5 per 
100,000 publications) to duplication in 2020 (8.6 per 100,000 publications). In 2020, the 
main reason was fabrication and falsification in the United Kingdom (6.2 per 100,000 pub-
lications) and duplication in Spain (13.2 per 100,000 publications).Retractions of papers 
by authors affiliated with European institutions are increasing and are primarily due to 
research misconduct. The type of misconduct has changed over time and differ between 
European countries.

Keywords Retraction · Research misconduct · Scientific integrity · Publication ethics · 
Bibliometric analysis · Europe

Introduction

The retraction of scientific papers has increased recently with research misconduct now 
being the primary cause instead of honest research errors (Campos-Varela & Ruano-
Ravina, 2019; Fang et al., 2012; Nath et al., 2006). Although the term “research mis-
conduct” is generally defined as fabrication, falsification, and plagiarism (FFP) (ICMJE, 
2022), there is strong heterogeneity concerning research integrity guidance on crucial 
aspects at both an international and a national level (Godecharle et al., 2014), including 
the definition of this phenomenon (National Academies of Sciences, Engineering, and 
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Medicine. Fostering. Integrity in Research., 2017; Resnik, 2019). Common definitions 
may include further violations of good research practice such as duplication, mislead-
ing image manipulation; deliberate failure to disclose relationships and activities; and 
unethical behavior, such as misleading image manipulation or failure to disclose con-
flicts of interest (Li & Cornelis, 2020; Resnik et al., 2015).

Research misconduct has been identified as a structural problem in research (Grie-
neisen & Zhang, 2012). In this regard, previous research in Europe has shown that a 
considerable proportion of researchers have engaged in scientific misconduct. An Italian 
study found that 21.2% of the researchers surveyed admitted to some form of miscon-
duct (Mabou Tagne et al., 2020), and even higher rates were found in other studies car-
ried out in Spain (43.3%) (Candal-Pedreira et al., 2023a, 2023b) and Norway (39.5%) 
(Kaiser et al., 2021). In a meta-analysis of researcher surveys conducted in 2009 world-
wide, 2% acknowledged having fabricated data and 33.7% in other questionable prac-
tices (Fanelli, 2009).

The increase in retractions due to scientific misconduct highlights the need to establish 
mechanisms and strategies that are truly effective in preventing, detecting, and even sanc-
tioning these unethical behaviors. In the European context, there is no supranational body 
which supervises research in cases where research misconduct is suspected. Only 14 out of 
46 countries have national ethics committees to promote research integrity, and only six of 
them have the power to investigate, but none can take disciplinary action (Candal-Pedreira 
et  al., 2021). This becomes even more relevant when considering that previous research 
concludes that countries with policies regulating scientific misconduct have a lower likeli-
hood of having publications retracted (Fanelli et al., 2015).

Moreover, previous research has shown that the country of origin of authors is a con-
tributing factor to retractions and scientific misconduct. In Portugal and Brazil, 60.1% and 
55.9% of retractions, respectively, were due to misconduct, with plagiarism being the pri-
mary reason (Candal-Pedreira et al., 2023a, 2023b). Other studies have pointed out fraud 
or suspicion of fraud is the main reason for scientific misconduct in the USA and Germany, 
meanwhile duplication is more common in China and Turkey (Fang et al., 2012). A study 
conducted in Brazil (Stavale et al., 2019a, 2019b) concluded that the most frequent type 
of scientific misconduct was plagiarism, as did another study conducted in India (Elango 
et al., 2019). Amos (2014) concluded that Italy had the highest ratio of retractions for pla-
giarism, whereas Finland had the highest ratio of retractions for duplication. Having this 
into account, it is important to monitor retractions and categorize them by country to iden-
tify issues related to unethical behavior. Analyzing retractions is a tool to identify problems 
related to research misconduct within a particular country.

Previous studies have analysed scientific misconduct in Europe (Marco-Cuenca et al., 
2021) or including European countries (Zhang et al., 2020). Marco-Cuenca et al. focused 
only on the analysis of fabrication, falsification and plagiarism found in both biomedi-
cal and non-biomedical papers, while Zhang et  al. included only biomedical papers and 
assigned a retraction reason to each article. Marco-Cuenca et  al. (2021) concluded that 
biomedical research accounts for the majority of retractions due to scientific misconduct. 
Moreover, fraud in biomedical research can have serious consequences (Stern et al., 2014) 
as the fraudulent results are incorporated into clinical practice. It is worth noting that 
retracted articles usually have multiple retraction reasons, and analysing all of them can 
provide valuable information. However, to the best of our knowledge, no previous study has 
comprehensively analysed the reasons for retraction, i.e. taking all of them into account, in 
the biomedical field. Therefore, this study analyzed biomedical retracted research studies 
by European-affiliated authors from 2000 to 2021 to characterize research misconduct in 
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Europe and identify trends in the countries with the highest number of retractions due to 
misconduct.

Methods

Study design and data extraction

We conducted a cross-sectional study of papers which had been retracted for any reason 
from 01/01/2000 through 30/06/2021 and whose corresponding author was affiliated with 
an European institution, using Retraction Watch database as our main data source (The 
Retraction Watch Database). For this purpose, we have used the Retraction Watch database. 
This database has been used in previous research with similar objectives to ours (Marco-
Cuenca et al., 2021). The functioning of Retraction Watch was described before (Candal-
Pedreira et al., 2022). In summary, it is the most comprehensive database on retractions as 
its coverage is larger than other databases, such as PubMed. Retraction Watch identifies 
retractions by accessing various sources and assigns causes based on retraction notices, 
misconduct investigations, and input from PubPeer. The last access to the Retraction Watch 
database was on 27/09/2021. We included biomedical original articles, reviews, case 
reports and letters. We excluded expressions of concern and corrections, papers falling out-
side the field of biomedical sciences, and non-research papers, such as commentaries and 
editorials, as well as papers that had not been published in English, Spanish or Portuguese 
were excluded.

The country assigned to each included paper was based on the corresponding author’s 
affiliation. For study purposes, the term “Europe” was construed as encompassing current 
European Union Member States plus the United Kingdom, Norway, Iceland, Liechtenstein, 
Serbia, Turkey, Russia, Switzerland, and Belarus.

In order to include retractions pertaining to the health sciences, we selected those cat-
egorized as “Basic Life Sciences (BLS)” and/or “Health Sciences (HSC)” in the “Subject” 
field of the Retraction Watch database and included under the head of “Basic Life Sciences 
(BLS)” are specialized fields, such as biology, microbiology, toxicology, environmen-
tal sciences, biochemistry, and virology. The “Health Sciences (HSC)” category includes 
all medical specialties (medical, surgical, as well as cross-disciplinary specialties such as 
pathological anatomy and clinical analysis).

The following Retraction Watch variables were extracted for each retracted paper 
included: title of paper; type of paper (original paper, systematic review, meta-analysis, 
letter, guidelines, case report); date of paper publication and retraction; number of authors; 
country of corresponding author; corresponding author’s affiliation (university, hospital, 
research center, health center, industry, independent); and reason for retraction.

In addition, data relating to the journal of publication (quartile, category, Journal Cita-
tion Indicator and impact factor (IF) of the year of publication) were extracted from Journal 
Citation Reports (Clarivate Analytics).

Retraction causes were obtained from Retraction Watch database and verified using 
publisher’s notes. Unavailable notes were sourced from Retraction Watch. All the reasons 
cited by Retraction Watch, found and labeled, were taken into account.

For the categorization of the reasons for retraction, we relied on international docu-
ments related to scientific integrity and various practices considered as misconduct or 
unacceptable/questionable practices by different organisms (ALLEA. The European Code 
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of Conduct for Research Integrity, 2023; COPE, 2019). In this study, we consider both 
practices included in the traditional definition of research misconduct (fabrication, falsi-
fication, and plagiarism), as well as other practices commonly referred to as unacceptable 
or questionable practices. It is important to note that no distinction is made in this study 
between unacceptable/questionable practices and research misconduct, and we will refer to 
all practices under the term “research misconduct”. The reasons for retraction were catego-
rized as follows:

– No research misconduct: this group included papers identified as having various types 
of errors unrelated with research misconduct, as well as retracted papers in which a 
reason for research misconduct had not been explicitly identified (all kind of errors, 
such as method errors, imaging errors or cell line contamination, unreliable data and/or 
results because or error).

– Research misconduct was classified into the following categories: (a) falsification/fab-
rication of images, data and/or results, false peer review, paper mills and manipulation 
of results; (b) duplication: papers, images or parts of the text published in other journals 
by the same authors, “salami slicing”, or duplication of data; (c) plagiarism, whether of 
complete papers or parts of these, including text and images; (d) problems with author-
ship and/or affiliation: problems of copyright, dubious authorship, lack of approval of 
author or third party, objections by the company or institution, or false authorship or 
affiliation; (e) unreliable data because of misconduct: unreliable data or images, origi-
nal data not provided, problems of bias or lack of balance, or problems with data; (f) 
unreliable results because of misconduct; (g) ethical and legal problems: breach of eth-
ics by the author, conflict of interests, lack of informed consent, civil or criminal pro-
ceedings, lack of approval by the competent bodies; and, (h) any case in which no spe-
cific reason was given but the Retraction Watch database stated that the paper had been 
retracted for “misconduct”.

– Reason not specified: papers retracted without a specific reason stated in Retrac-
tion Watch database or the notice of retraction (those categorized as “withdrawn” or 
“retracted” without further explanation and those stating “Unreliable data” or “Unreli-
able results” without other reason suggesting misconduct or no misconduct).

We excluded two articles with “miscommunication by the author, company, institution 
or journal” as the only reason for retraction, due to the impossibility of categorizing them 
in the established groups.

Papers may be associated with more than one reason for retraction. The Retraction 
Watch database identifies this by associating each paper with a given reason or ground. 
Hence, we took each of these reasons into account independently, and used the total num-
ber of reasons as the unit of measure for our analysis.

Statistical analysis

First, we performed a descriptive analysis of biomedical retractions in Europe, broken 
down by cause of retraction (honest research error and research misconduct), with the cat-
egorical variables being expressed as absolute and relative frequencies, and the quantitative 
variables as median and interquartile range (25th to 75th percentile). Chi square test was 
used to assess for differences between samples.
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Then, we excluded retractions due to honest research error and those in which no spe-
cific reason was given, focusing on retractions because of research misconduct. To make 
the comparison between countries and years for a given reason of retraction, we calculated 
the rates using the total number of papers retracted for that reason divided by the total num-
ber of papers in that same country and year. The total number of papers assigned to each 
country and year was extracted from PubMed, with the search being filtered by individual 
country and year of the study period. To characterize the trend of retractions for research 
misconduct, both for European countries overall and for the countries ranked highest by 
number of retractions, a cross-sectional analysis was performed for every 5 years. We cal-
culated the number of papers ascribed to each of the main reasons and expressed the results 
by reference to the total number of papers as the common denominator. Mann–Kendall test 
was used to analyze the trends in retractions in European countries overall, by main reason 
for retraction. To conduct a year-to-year comparison among countries and by the main rea-
sons, the trend analysis was limited to 2020 since we do not have data for the full year of 
2021.

We described the trend in misconduct-related causes of retraction across the study 
period, analyzed the main variations between countries with at least 10 retractions, and 
examined the main distinguishing patterns by reference to the corresponding author’s 
country of affiliation. In the results, detailed information is provided for the 4 countries 
with the highest number of retractions, while in the supplementary material, data for the 
remaining countries with at least 10 retractions can be accessed.

All analyses were performed using the Microsoft Excel 2016 and Stata v.17 statistics 
software programs.

Ethical aspects

The manuscript was written following the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) reporting guideline for cross-sectional studies. The 
study did not require institutional review board approval because it was based on publicly 
available information and involved no patient records.

Results

We included 2069 papers retracted from 01/01/2000 to 30/06/2021, by authors affiliated to 
European institutions identified in the Retraction Watch database (Fig. 1). The number of 
retractions was 10.7 per 100,000 publications in 2000 and 44.8 per 100,000 publications in 
2020. Overall, 1383 (66.8%) retracted papers involved some type of research misconduct, 
while 322 (15.6%) were retracted due to honest research error. There were differences in 
type of publication (p < 0.001), journal quartile (p = 0.002), number of categories in which 
the journal is indexed (p < 0.001) and number of authors (p < 0.001) between the groups 
(Table 1). 

Causes for retractions due to research misconduct

Among the 1383 papers retracted because of research misconduct, we found 2466 reasons 
for retraction (an article may have more than one cause for retraction). Among them, the 
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most frequent reasons were duplication (n = 542, 22.0%) and misconduct in which no sub-
type was specified (n = 386, 15.7%) (Table 2).

In addition, the most common causes for research misconduct varied over time (Fig. 2). 
In 2000, the main causes were duplication, problems relating to authorship and affilia-
tions and ethical and legal problems (2.5 per 100,000 publications). Duplication remained 

Fig. 1  Flow chart of sample 
selection
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Table 1  Main characteristics of papers retracted due to research misconduct and honest research error

Misconduct Error Retraction without 
reason

p value

n = 1383 % n = 322 % n = 364 %

Type of publication  < 0.0001**
Original paper 1162 84.0 273 84.8 196 53.8
Review 144 10.4 25 7.8 153 42.0
Case report 67 4.8 18 5.6 7 1.9
Letter 10 0.7 6 1.9 8 2.2
Number of authors  < 0.0001**
1–5 786 56.8 187 58.1 257 70.6
 > 5 597 43.2 135 41.9 107 29.4
Number of countries of papers’ authors 0.3737
1 1148 83.0 263 81.7 305 83.8
2 190 13.7 44 13.7 50 13.7
3 32 2.3 8 2.5 8 2.2
4 or more 13 0.9 7 2.2 1 0.3
Journal quartile 0.0020*
Q1 503 36.4 126 39.1 177 48.6
Q2 206 14.9 60 18.6 38 10.4
Q3 167 12.1 34 10.6 38 10.4
Q4 138 10.0 29 9.0 30 8.2
No IF 369 26.7 73 22.7 81 22.3
Number of categories in which the journal is indexed  < 0.0001**
1 814 58.9 183 56.8 267 73.4
2 311 22.5 62 19.3 56 15.4
3 71 5.1 30 9.3 14 3.8
4 or more 30 2.2 8 2.5 5 1.4
Without category 157 11.4 39 12.1 22 6.0

Misconduct Error Retraction without reason

n % n % n %

Categories of the journal in descending order of frequency
 Molecular biology and 

biochemistry
136 7.6 Oncology 21 4.8 Medicine, general 

and internal
136 30.6

 Anesthesiology 103 5.7 Neurosciencies 19 4.3 Oncology 21 4.7
 Cell biology 86 4.7 Molecular biology and 

biochemistry
16 3.6 Anesthesiology 19 4.3

 Multidisciplinary sci-
ences

83 4.6 Multidisciplinary sci-
ences

15 3.4 Surgery 16 3.6

 Other 1384 77.2 Other 370 83.9 Other 252 56.8
Countries
 Germany 290 21.0 United Kingdom 62 19.3 United Kingdom 146 40.1
 Italy 247 17.9 Germany 39 12.1 Germany 58 15.9
 United Kingdom 174 12.6 Spain 33 10.2 Italy 30 8.2
 Spain 114 8.2 France 26 8.1 Spain 19 5.2
 Turkey 87 6.3 Turkey 26 8.1 Turkey 18 4.9
 France 71 5.1 Italy 25 7.8 France 17 4.7
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as the main cause in 2010, 2015 and 2020 (7.6, 15.3 and 8.6 per 100,000 publications, 
respectively). Across the period 2000 through 2020, a significant increase was observed 
in falsification and/or fabrication (p = 0.02), going from 0.8 to 5.9 per 100,000 publica-
tions. In the case of plagiarism, the increase was also significant (p = 0.03), and this went 

Table 1  (continued)
* p<0.01, ** p<0.05

Table 2  Papers retracted due to 
any cause of research misconduct 
in Europe across the study period 
(2000–2021)

Number of reasons 
for retraction by 
type of research 
misconduct 
(n = 2466)

Type of research misconduct n %

Duplication 542 22.0
Research misconduct without specification of 

subtype
386 15.7

Plagiarism 333 13.5
Falsification/Fabrication 319 12.9
Unreliable data 304 12.3
Ethical and legal problems 279 11.3
Problems of authorship and/or affiliation 157 6.4
Unreliable results 146 5.9

Fig. 2  Trend in the main causes of research misconduct in Europe (number of papers retracted per 100,000 
papers)
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from 0.8/100,000 in 2000 to 27.2/100,000 publications in 2010, with a subsequent down-
turn until 2020. In 2020, the main causes for research misconduct retractions were dupli-
cation (8.6/100,000 publications) and unreliable data because of misconduct (8.4/100,000 
publications).

Research misconduct by Country

Four countries accounted for the largest number of retracted papers during the study period: 
the United Kingdom, Germany, Italy, and Spain (Table 3). Falsification and/or fabrication 
was identified as the main cause of misconduct in 2000, 2005, 2010 and 2020 (9.7, 3.7, 4.6 
and 6.2 per 100,000 publications, respectively). In 2015, the main cause of misconduct was 
ethical and legal problems (8.8 per 100,000 publications). In the German case, duplica-
tion was the main retraction reason in 2000 (4.3/100,000 publications). In 2010 and 2015, 
14.1 and 11.2 articles per 100,000 publications were retracted because of falsification and/
or fabrication, while in 2020 this figure fell to 0. In 2020, duplication and problems relat-
ing to authorship and affiliations were the main causes (2.1 per 100,000 publications). In 
the case of Spain, falsification and/or fabrication and ethical and legal problems were the 
main causes of retraction in 2005 and 2010, respectively. In the next years, the main cause 
was duplication, going from 5.0 articles per 100,000 publications in 2015 to 13.2 in 2020. 
In Italy, in 2010, retractions due to plagiarism accounted for 16.7 per 100,000 publications 
and in 2020 the main cause of misconduct was duplication, with 15.6 articles per 100,000 
publications.

This information can be also found in Supplementary Table 1 for all years of the series 
for countries with 10 or more retractions.

Discussion

Our study found that research misconduct was the primary cause for paper retraction in 
Europe from 2000 to 2021, but the specific reasons varied over time and by country. This is 
the first study to systematically analyze research misconduct across European institutions, 
taking into account the expanded FFP definition offered in this type of studies.

Our findings indicate that research misconduct has become more prevalent in Europe 
over the last two decades, even after adjusting for the increase in the number of papers pub-
lished. The reasons for retraction due to misconduct also changed over time in all countries 
studied. Initially, copyright and authorship issues were the primary causes, but their preva-
lence decreased significantly by the end of the period, possibly due to the implementation 
of authorship control systems and increased researcher awareness.

Since 2010, duplication has been the main reason for retraction in Europe. However, 
the prevalence of plagiarism and duplication may be underestimated. These results agree 
with other studies which report a higher prevalence of plagiarism as compared with other 
types of misconduct (Marco-Cuenca et  al., 2021; Mousavi & Abdollahi, 2020; Stavale 
et  al., 2019a, 2019b). While the incipient use of duplication detection software in the 
early 2000s was said to be the cause of an increase in the identification of plagiarism (Van 
Noorden, 2011), their continued use should have contributed to its decline. In the same 
vein, lack of access to these tools in low-income countries may explain why copyright and 
plagiarism issues remain the primary reason for research misconduct-related retractions in 
those regions (Rossouw et al., 2020). It is essential for plagiarism control and surveillance 
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systems to stay one step ahead. Tools for detecting plagiarism and duplication should be 
used routinely in scientific papers and also in dissertations by university undergraduate and 
postgraduate students (Bordewijk et al., 2021; Fischhoff et al., 2021; Mousavi & Abdollahi, 
2020).

It is a matter of concern that, in addition to duplication, the use of unreliable data has 
been identified as a growing threat in some countries, such as Italy (Capodici et al., 2022; 
Perez-Neri et al., 2022; Rapani et al., 2020). The proportion of papers retracted for unreli-
able data has increased dramatically in this country in 2020. This rise may be due to jour-
nals using the phrasing “unreliable data” or “invalid data” when they lack the resources to 
investigate, or it may be due to the massive retractions of publications from paper mills that 
have taken place in recent years (The Retraction Watch Database).

Individualized analysis of the 4 countries with the highest number of retractions shows 
interesting data which have not been previously described. Countries’ retraction patterns 
are different. Falsification and/or fabrication is the main reason in the United Kingdom. In 
Spain and Italy, however, duplication ranks as the leading cause of research misconduct. 
This result may suggest a difference between southern European countries and northern/
central European countries. These results are in line with other studies conducted in Euro-
pean countries. Thus, a study undertaken in Scandinavian countries found that the propor-
tion of cases corresponding to fabrication and falsification exceeded the proportion corre-
sponding to plagiarism (Hofmann et al., 2020). Another study conducted in Belgium found 
a prevalence of 40% of guest authorship and 4% of plagiarism (Godecharle et al., 2018). 
In Portugal, 12.9% of retractions were due to plagiarism and duplication (Candal-Pedreira 
et al., 2023a, 2023b).

Various explanations for differences between countries in research activity can be found 
in scientific literature. According to Fanelli et al. (2015), authors from Germany, Australia, 
China, and South Korea have a higher chance of having their papers retracted than authors 
from the USA, while authors from France and The Netherlands have a lower likelihood. 
This may be due to national-level policies introduced to manage misconduct. Countries 
with such policies and structures to supervise misconduct experience fewer retractions. 
Therefore, Europe needs a central scientific integrity office that national offices can refer 
cases to (Candal-Pedreira et al., 2021).

Furthermore, the sociocultural context may also be a determinant of unethical research 
conduct (Asplund, 2019; Aubert Bonn et al., 2017). It is possible that southern European 
countries lead in terms of retractions due to duplication and plagiarism because they do 
not tend to perceive plagiarism as being a cause of research misconduct (Fanelli, 2009). In 
addition, two studies have observed that being in the early stages of a research career is a 
predictive factor of retraction as well as engaging in misconduct (Asplund, 2019; Aubert 
Bonn et al., 2017; Fanelli et al., 2015; Gopalakrishna et al., 2022). This suggests that edu-
cation in scientific integrity is inadequate and should be reinforced, especially in the case 
of undergraduate and postgraduate students (El Bairi et al., 2024; Ljubenkovic et al., 2021).

This study’s principal strength resides in the sample size achieved by using the Retrac-
tion Watch database as its data-source (Kocyigit & Akyol, 2022; Marco-Cuenca et  al., 
2021). This database contains over 50,000 retractions and is currently the best source 
of information on retractions, thanks to its high coverage. We think that the number of 
retracted papers missed by this study is minimal. This study considers all the reasons iden-
tified by Retraction Watch as causes of retraction. In our opinion, this ensures that no rea-
son is underestimated, thus reflecting the reality of the problem more accurately.

This study has also limitations. Some retracted papers couldn’t be accessed, a fre-
quent limitation in this type of study (Bordewijk et al., 2021; Frias-Navarro et al., 2021; 
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Marco-Cuenca et al., 2021). Retracted papers should not be eliminated but should rather 
be identified and flagged as retracted, as it was recommended by the Committee of Pub-
lication Ethics (COPE) (COPE, 2019). A further limitation lies in the fact that attribu-
tion of misconduct is based on corresponding author. This may overrepresent the mis-
conduct associated with European institutions in those articles with authors from several 
countries. An additional limitation may be the lack of detailed information on countries 
with 10 or fewer retractions due to the limited sample size. However, we believe this 
would potentially limit the comprehension of our results.

In conclusion, this study shows that the main reason for retraction in Europe is 
research misconduct, and that the causes of such research misconduct changed over 
the last 20  years. Currently, duplication and unreliable data are the main reasons for 
research misconduct in Europe. Furthermore, there are differences in the causes of 
research misconduct between the countries with the highest number of retractions in 
Europe. In view of this, the causes of research misconduct should be analyzed on an 
individualized basis within the context of each country. Having such information is 
essential for implementing mechanisms of control, surveillance and discipline that 
would ensure scientific research fulfilling the highest quality standards.

Supplementary Information The online version contains supplementary material available at https:// doi. 
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