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ABSTRACT KEYWORDS

Reading primary research literature is an essential skill for scientists. Scientific communication;
However, the high complexity of research papers may pose a barrier to scientific literacy; academic
the development of scientific literacy. In semi-structured interviews, we reading; disciplinary literacy;
explore how 33 biologists including undergraduates, postgraduates and ~ "ésearch papers
researchers approach reading an unfamiliar scientific paper. We find

that some readers are data-centric, focusing on their own critical

evaluation of the data presented, whereas others adopt a more

narrative-centric approach, relying on the descriptions of authors to

inform their understanding. There was a bias towards undergraduates

adopting the narrative-centric approach and researchers adopting the

data-centric approach. All postdoctoral researchers and academics

prioritised critical interpretation of the data, indicating this is a

characteristic of experienced scientific readers. The ability to

demonstrate scientific reading skills was context-dependent, particularly

with respect to time available and whether a paper aligns well with a

reader’s specialist area of knowledge. Inexperienced readers often

lacked sufficient prior knowledge on which to base their reading, which

represented a barrier to their engagement. We make recommendations

for how scientific literacy should be developed within undergraduate

teaching and beyond, noting that ‘one-off’ teaching strategies are

insufficient when the development of scientific reading skills is a career-

long process.

Introduction

The ability to read and interpret research literature is an essential skill for scientists and science stu-
dents. Scientific writing is typically information dense, written in the abstract and uses complex ter-
minology and sentence structure, so is challenging to engage with (Fang, 2005). There is a
significant body of literature addressing the development of scientific literacy in a school context,
where textbooks represent a linguistic challenge (e.g. Pearson et al., 2010; Snow et al., 2010). The
challenges of developing scientific literacy continue into higher education, where learners must
learn to read and interpret original research articles, which may be even less accessible than text-
books. In biology, undergraduates typically first encounter primary scientific literature early on
during their degree (Willmott et al., 2003). In the UK, the Quality Assurance Agency (QAA) subject
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benchmark statement establishes that bioscience graduates are expected to have ‘the ability to read
and use appropriate literature with a full and critical understanding, while addressing such ques-
tions as content, context, aims, objectives, quality of information, and its interpretation and appli-
cation.” (QAA, 2015). This represents a very high expected level of scientific literacy in biology
undergraduates (Hubbard, 2021). Undergraduate students are less confident when reading research
papers than when reading textbooks (St Clair-Thompson et al., 2017). There is therefore a need to
understand the challenges inexperienced readers face when reading scientific papers, and how
someone becomes an ‘expert’ scientific reader. This study explores how readers at different career
stages approach reading and evaluating a research paper.

The challenge of developing scientific literacy for bioscience undergraduates is reflected in the
number of published articles describing approaches for literature-based teaching (e.g. Hoskins
et al.,, 2007, 2011; Kozeracki et al., 2006; Willmott et al., 2003). Introduction of specific litera-
ture-based tasks can increase student confidence when reading research papers, and improve
their critical analysis (Hoskins et al., 2011). Structured approaches to reading the literature can
increase interest in and understanding of science (Hoskins et al., 2007), and increase retention of
students into graduate study (Kozeracki et al., 2006). Similar interventions can help Masters stu-
dents adopt higher order cognitive processing when reading, increasing their ability to critically
evaluate research (Lie et al.,, 2016).

However, the majority of these pedagogical intervention papers make assumptions about how
undergraduates approach reading. There have been fewer studies that focus on how scientific read-
ers actually go about reading papers, either with or without appropriate pedagogically informed
scaffolding. Van Lacum et al. (2012) identified that undergraduates are more likely to use linguistic
and organisational features of the text, whereas experts typically use a content-driven approach.
Undergraduates often struggled to comprehend technical terminology within papers, although
some do attempt to evaluate research data (van Lacum et al,, 2012). Nelms and Segura-Totten
(2019) identified multiple strategies that expert readers used to reduce cognitive load while reading,
and that inexperienced readers lacked relevant background knowledge when reading research
papers. Brill et al. (2004) found that students read relatively superficially when first encountering
a paper, but read more deeply when asked questions about the text, although this study included
just two high school biology students. A study of how much undergraduates had engaged with a
research paper before citing it suggests that most students engage with the introduction and results
section (Verkade & Lim, 2016). We previously identified that biologists at different career stages
valued different sections of research papers, with undergraduates more likely to prioritise the
abstract and discussion, and experienced researchers more likely to value the figures, tables, results
and methods sections (Hubbard & Dunbar, 2017).

Being able to read, understand and interpret scientific literature are characteristics of an ‘expert’
scientist. Experts are defined by having a large knowledge base of typical ‘patterns’ of knowledge in
their discipline that they can quickly recognise, and can apply relevant disciplinary knowledge to
unknown situations. In contrast, novices lack sufficient knowledge to be able to recognise disciplin-
ary patterns, and have a limited capacity to apply appropriate knowledge (Perkins & Salomon, 1989).
Many studies of scientific literacy development somewhat arbitrarily compare academics (faculty) as
‘experts’ with undergraduates as ‘novices’ (Nelms & Segura-Totten, 2019; van Lacum et al., 2012),
without considering readers between these two career points. Our previous study suggested that
the development of scientific literacy was an ongoing process throughout a scientific career, so
that readers could not easily be classified into ‘novice’ and ‘expert’ readers as many studies assume
(Hubbard & Dunbar, 2017). For example, our questionnaire indicated that there may be differences
in reading strategy between PhD students, postdoctoral researchers and academics. We know less
about how PhD students or postdoctoral researchers approach their reading and the relationship
between scientific career stage and reading expertise. There is also an implicit assumption that scien-
tific literacy training can be completed by the end of an undergraduate or masters level course, with
all researchers and academics adopting ‘expert’ reading approaches (Lie et al., 2016).



INTERNATIONAL JOURNAL OF SCIENCE EDUCATION, PART B . 3

In this study, we adopt a qualitative approach to understanding how biologists from under-
graduates to academics (faculty) go about reading and critically evaluating a research paper. We
present readers with an unfamiliar scientific paper, ask them to read it in situ, and ask a series of
follow-up questions to understand their reading in more detail. Through this research design we
ask the following specific research questions:

e How do scientific readers approach initial reading of an unfamiliar research paper?
e How do they critically evaluate information contained in an unfamiliar research paper?
e Does career stage or scientific reading experience influence either of these questions?

Methods
Interview design

Our previous methodology was questionnaire-based, asking scientists to give their general percep-
tions of reading. To explore what readers actually did when reading a research paper we adopted an
interview-based methodology, whereby participants were presented with a paper, given time to read
and answered questions about their reading. Other researchers have adopted similar ‘think aloud’
interview structures to understand of how readers engage with scientific texts (Nelms & Segura-
Totten, 2019). We adopted a standardised open-ended interview format as this allows for depth
of data collection while reducing interviewer bias (Cohen et al., 2017). Our research design captures
‘initial’ responses to reading an unfamiliar paper. We do not attempt to capture the detailed reading
that might occur under other scenarios (e.g. Nelms & Segura-Totten, 2019; van Lacum et al., 2012).
However, given the sheer volume of the literature both undergraduates and researchers are likely to
‘skim read’ many papers routinely, and many readers will skim read a paper first before re-reading
in more detail. Our research design focusses on part of the reading process that may be overlooked
if participants are asked to consider a paper over a prolonged period of time, or after they have been
given scaffolded instructions on how to approach their reading.

Participants were recruited from those who had left contact details in our questionnaire study.
These participants are drawn from a research-intensive, highly academically selective UK univer-
sity, so may not be representative of all readers. Undergraduates in this university study their choice
of three disciplines within Natural Sciences in their first (freshman) and second years, and then
specialise in a sub-discipline of biological sciences in their third and final (senior) year. Interviews
were conducted after end-of-year examinations, so undergraduates had completed all academic
study for that year. Thirty-three interviews were conducted with nine second year undergraduates,
seven final year undergraduates, five PhD students, six postdoctoral researchers and six academics
(Table 1). Although this is a relatively modest sample, it is a larger sample size than other qualitative
studies of scientific reading, and uniquely includes postgraduates and postdoctoral researchers. For
example, Nelms and Segura-Totten (2019) interview 11 students and 6 faculty, while van Lacum
et al. (2012) only interview four undergraduates.

Interviewing was split between four interviewers who worked from a script to maximise consist-
ency, although interviewers made minor changes to wording or ordering of questions in response to
the flow of conversation. After asking demographic questions, participants were asked to indicate
their preference from four sub-disciplines of biology, and then presented with a paper copy of a
research study in that area (Biochemistry: Shroff et al. (2015); Ecology: Galbraith et al. (2015);
Physiology: Ranade et al. (2014); Plant Sciences: Benedetti et al. (2015)). Papers were pre-selected
on the basis of all being from the same journal (Proceedings of the National Academy of Sciences
USA), being published within a 2 year window, and including an assertive statement in the title. The
most commonly chosen sub-discipline was Ecology (n = 12), followed by Biochemistry (n=11),
Physiology (n =7) and Plant Sciences (n = 3; Table 1). We gave participants a few minutes to fam-
iliarise themselves with the paper but did not set a time limit, so participants were free to restart the
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Table 1. Career stage, paper chosen, time spent reading and reading pattern of each participant.

Time Spent Reading Reading
Name Career Stage Article Familiarity (minutes) Pattern
Aaron Undergraduate (2nd Year)  Physiology C - Know the basics 2.35 Narrative
Danielle  Undergraduate (2nd Year) Physiology C - Know the basics 3.13 Narrative
Emily Undergraduate (2nd Year) Ecology C - Know the basics 3.88 Narrative
Felix Undergraduate (2nd Year) Ecology C - Know the basics 7.03 Holistic
Hannah  Undergraduate (2nd Year) Biochemistry ~ C— Know the basics 8.15 Narrative
Isobel Undergraduate (2nd Year) Biochemistry B - Quite familiar 16.70 Holistic
Michelle  Undergraduate (2nd Year) Physiology C - Know the basics 14.98 Holistic
Owen Undergraduate (2nd Year) Ecology B - Quite familiar 127 Data
Rachel Undergraduate (2nd Year) Biochemistry ~ C— Know the basics 13.15 Holistic
Ben Undergraduate (3rd Year)  Physiology C - Know the basics 3.42 Narrative
Chris Undergraduate (3rd Year)  Biochemistry B — Quite familiar 3.23 Narrative
Graham  Undergraduate (3rd Year)  Ecology D - Unfamiliar 4.05 Data
Jemima  Undergraduate (3rd Year) Ecology B - Quite familiar 2.67 Narrative
Katy Undergraduate (3rd Year)  Plant Sciences C - Know the basics 230 Narrative
Natalie Undergraduate (3rd Year)  Ecology C - Know the basics 1.92 Abstract Only
Phoebe  Undergraduate (3rd Year) Ecology D - Unfamiliar 8.63 Narrative
Euan PhD student Ecology C - Know the basics 6.42 Narrative
Gabriella  PhD student Biochemistry B - Quite familiar 2.67 Holistic
Simon PhD student Biochemistry D — Unfamiliar 4.05 Data
Tracy PhD student Ecology C - Know the basics 4.72 Data
Victor PhD student Biochemistry B — Quite familiar 5.03 Data
Amy PostDoc Biochemistry ~ C - Know the basics 1.52 Data
Frances  PostDoc Ecology B - Quite familiar 6.80 Data
Henry PostDoc Biochemistry ~ C - Know the basics 233 Data
Laura PostDoc Biochemistry D — Unfamiliar 5.63 Data
William  PostDoc Ecology B - Quite familiar 333 Data
Zach PostDoc Plant Sciences  C - Know the basics 3.05 Data
Barbara  Academic Plant Sciences A - Very familiar 1.30 Abstract Only
Chloe Academic Biochemistry ~ C - Know the basics 3.70 Data
David Academic Physiology C - Know the basics 5.42 Data
Liam Academic Physiology B - Quite familiar 3.27 Data
Robert Academic Ecology C - Know the basics 1.07 Abstract Only
Yvonne  Academic Biochemistry D — Unfamiliar 1.58 Data

interview when they felt ready. Participants were asked to indicate where in the paper they were
reading as they went along to allow the interviewer to observe their reading, and observations
were cross-checked with subsequent descriptions. Having read the paper, participants were then
asked how familiar they were with the topic area from a series of four statements (A - I am very
familiar with the topic; B - I am quite familiar with the topic; C - I know the basic ideas, but
not much detailed information; D - I am unfamiliar with the topic). The interview then progressed
with the following prompt questions:

Q8 Which sections did you look at while you were familiarising yourself with the paper?
Q9 What did the paper show?

Q10 Do you think the authors have proved the claim they make in the title?

Q11 What did you look for in deciding how convincing the paper was?

Q12 This paper has been peer reviewed. What do you understand by that?

Participants had access to the paper for the remainder of the discussion and many referred back
to the paper during the interview.

Data analysis

After all interviews were completed, the four interviewers met to discuss their initial
impressions, and identified potential areas of interest for more formal analysis. Interviews
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were then manually transcribed and redacted for identifying information, or information that
revealed interviewee career stage. For six transcripts, career stage redaction was not possible,
as the substantive content of the interview responses revealed that they were either a researcher
or an undergraduate.

After redaction, two members of the research team performed thematic analysis of the tran-
scripts. Thematic analysis is a method for determining patterns within a dataset, so is a flexible
qualitative research methodology that does not rely upon a particular theoretical perspective
(Braun & Clarke, 2006). Braun and Clarke (2006) highlight that thematic analysis should
acknowledge the role of the researcher, using the active terminology ‘we developed themes
from the data’ rather than the passive language of ‘themes emerged’. We therefore use the for-
mer language to reflect on our active development of themes as researchers. We broadly fol-
lowed Braun and Clarke’s six-stage process for analysis. Both Braun and Clarke and Nowell
et al. (2017) suggest that initial themes should be derived from the dataset itself. The first ‘fam-
iliarisation” phase included the initial interviewer discussions, the transcription process and
iterative reading and re-reading of each of the transcripts. In the second ‘initial coding’
stage, both researchers independently coded all transcripts, generating a list of preliminary
codes and groupings. Both researchers independently carried out the third ‘searching for
themes’ phase, with both identifying four putative key themes. The fourth and fifth phases
of ‘reviewing themes’ and ‘defining and naming themes’ happened through a series of colla-
borative discussions. After discussion and review, we agreed upon ‘key’ themes, including
sub-themes where appropriate. ‘Evaluation Strategy’ was the focus of one of our research ques-
tions, so was constructed deductively. ‘Prior Knowledge’ and ‘Reading Context’ were con-
structed inductively from the initial codes. The themed coding scheme was then passed to a
researcher who had not been an interviewer, who independently coded all transcripts in
NVivol2. There was 95.7% percentage agreement between the two sets of coding, with a
Cohen’s Kappa value of 0.64, indicating a good level of agreement (Dawson & Trapp,
2004). The final writing stage was conducted by a single member of the research team. During
the writing process participants were given a gender-matched pseudonym for easier tracking of
individuals through the manuscript.

We separately analysed the answers to Q8 ‘Which sections did you look at while you were famil-
iarising yourself with the paper?’ to explore the reading ‘patterns’ described. Transcripts were con-
verted to reading pattern diagrams (see Figure 1), whereby descriptions were mapped against the
structure of a research paper, including the order in which sections were described. This also
took note of qualifying statements such as ‘I skipped over...." ‘I didn’t understand ...’ . These dia-
grams were then iteratively sorted into groups of similar patterns, generating three final pattern
classes. Initial classification was performed by one researcher while career stage was still redacted,
and then confirmed by an independent researcher, with an inter-rater reliability of 93% (28 out of
30). The ‘Abstract only’ readers were removed from this analysis as their reading pattern could not
be determined.

Ethical oversight

The study was designed in line with British Educational Research Association (BERA) ethical guide-
lines (BERA, 2011). All participants were provided with a study information sheet, which described
the purpose of the study, anonymisation procedures, how their data would be used and opportu-
nities for withdrawing from the study. All participants had the opportunity to ask questions
about the conduct of the interview, and gave written and verbal consent for participation. At the
time of the interviews there was no formal ethical approval process, but permission to conduct
the research was given by the Departmental Director of Learning and Teaching. Oversight for
analysis is provided by the University of Hull Faculty of Science and Engineering Ethics Committee
(project code FEC_2019_10).
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Data-centric patterns (n = 15)

Title —>
ct

Abstract Abstract Abstract Abstra
o) ) Introduction Introduction
Methods ¢

esults Results Results
[Figures/Tables] [Flgures/TabIes] [Figures/Tables] [Figures/Tables]
[First paragraph]

Liam Tracy Laura David

Academic PhD student PostDoc Academic

Narrative-centric patterns (n = 10)

Title—> Title —>

Abstract Abstract % Abstract Abstract
troduction Introduction C Introduction
Methods ethod: \ k
ts Results
[Figures/Tables] [Figures/Tables]
¢ [Subheadings] ) | L '
~ Discussion £ _Discussion Discussion
[Conclusyion]D Conclusion ( sio [Conclusion]
Phoebe Hannah Ben Euan
Undergraduate Undergraduate Undergraduate PhD student

Holistic patterns (n = 5)

Abstract Abstréct

Introductmn Introductlon
Methods Methods
Results

[Figures/Tables] [Flgures/TabIes
Discussion Dlscussmn
[Conclusmn]
Gabriella Felix
PhD student Undergraduate

Figure 1. Example reading patterns. Sections in square brackets are subsections of the paper. Sections highlighted in black text
were specifically mentioned by participants. Sections that participants described with statements such as ‘I skipped over ... ." are
presented in unbolded text and with a ‘bounce’ arrow without an arrowhead.

Results

Each participant was presented with a paper relevant to their chosen sub-discipline. After reading
the paper participants were asked which of four statements best described their level of familiarity
with the topic. The most common response was ‘I know the basic ideas, but not much detailed
information’ (n = 19), followed by ‘T am quite familiar with the topic’ (n =8) and ‘T am unfamiliar
with the topic’ (n = 5). Only one participant said they were very familiar with their topic. We quan-
tified the length of time participants spent reading from the recordings, ranging from 1 min 10 s to
16 min 42 s. There was no significant difference in reading time between researchers and
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undergraduates (Kruskal-Wallis H=1.09, P=0.30), as a function of interviewer (H=1.29, P=
0.73), article chosen (H = 3.38, P =0.34) or self-reported familiarity with the topic (H=2.64, P=
0.45). This indicated that the interviews were broadly equivalent.

Experienced readers tended to be data-centric

We first asked participants which sections of the paper they looked at. The most commonly men-
tioned sections were the abstract (n = 30), followed by the results (n = 28) and the discussion (n =
20). Only nine participants mentioned looking at the methods section. However, this quantification
underrepresents the complexity of narrative many participants gave when describing their reading,
so we adopted a qualitative approach. We analysed the descriptions of which (sub)sections of the
paper participants read, and the order in which they read them (Figure 1).

From these descriptions, we identified three reading patterns we termed ‘data-centric’ (n = 15),
‘narrative-centric’ (n=10) and ‘holistic’ (n=5). Readers who only looked at the abstract are
excluded. Data-centric readers typically described looking at the figures, graphs or data rather
than the results in general. They often stated that they did not use the text, but preferred to interpret
the data for themselves (e.g. Tracy, PhD student).

I read the abstract because that gave me an overview of what they were doing. I then just looked at the figures
because I can understand them much more quickly than reading the text. And then I just flicked through to
the methods to clarify what their experimental treatment was. — Tracy, PhD student

Data-centric readers tended to skip over the introduction, methods and discussion sections, instead
going straight to the figures (Figure 1). Some data-centric readers went to the figures first, then went
back to the introduction for additional context, then returned to the figures to assess the data
directly (e.g. David, academic).

In contrast, narrative-centric readers preferred to rely on the author’s description of their
findings. Some narrative-centric readers did not use the figures and tables at all, relying on the
text instead (e.g. Ben, undergraduate). Others attempted to engage with the figures but struggled,
so moved to sections where the authors had described their findings in words (e.g. Phoebe, under-
graduate). Narrative-centric readers sometimes referred to visual aids as ‘pictures’ or ‘diagrams’
rather than graphs or figures. However, this was not a classification criterion as it may have reflected
inexperience in scientific terminology rather than the reading pattern used.

I read the abstract first all the way through to try get an idea of what it was about - I read the title and then I
read the abstract. Then went and had a look at the discussion and read that all the way through - it usually
gives quite a good idea I find to get the methods they used and what the key results were. And then I went
and looked at the opening few lines of each of the results section — Ben, 3rd year undergraduate

I just read the abstract briefly to get an idea of what it’s about, then I felt I should move onto the discussion. It
was quite a long discussion so that put me off a little bit - I don’t think I took in as much as I could have by
reading the discussion. Then I finished with the conclusion and checked over the methods to see what they
actually did. But the statistics confused me so I skipped over that. — Phoebe, 3rd year undergraduate

Some readers could not be easily classified as either data- or narrative-centric, as they described
using the figures and tables as well as the text, so we classified these as ‘Holistic’ readers (e.g. Gab-
riella, PhD student). Holistic readers took longer to read the paper (mean = 10.9 min) than either
the data-centric (3.7 min) or narrative-centric readers (4.4 min) but this difference was not signifi-
cant (Kruskal-Wallis H = 5.55, P =0.063).

I read the abstract, I had a quick look at the figures just so I had a rough idea what was going on, then I read the
results, and then went through the discussion. — Gabriella, PhD student

We were interested to see if there was a relationship between reading pattern and familiarity with
the topic or career stage. While our sample size is too small for formal statistical analysis across the
five career stages, there were some biases in categorisation. There was no obvious relationship
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between the reading pattern adopted and self-reported familiarity with the topic (Figure 2(A)).
However, there was a tentative relationship between career stage and reading pattern (Figure 2
(B)). Within the undergraduate and PhD students there were narrative-centric, data-centric and
holistic readers, but all academics and postdoctoral researchers were data-centric. There was no
obvious relationship between self-reported familiarity and career stage (Figure 2(C)), indicating
that the career stage pattern could not be explained by familiarity with the topic chosen.

Readers use a variety of strategies to critically evaluate papers

We asked participants a series of questions about the paper, including how they assessed whether
the authors had proved the claim made in the title. From these responses we developed ‘evaluation
strategy’ as a key theme, with three subthemes (Table 2). The first subtheme was ‘experimental
information’, where participants looked for information within the paper to assess the reliability
of the data (n =30). The second subtheme ‘Written arguments’ related to the way the authors
had written the paper, and how persuasive the writing was (n=16). The ‘External’ subtheme
included participants wanting to find out information that was not contained within the manuscript
(n=11), or proxies for reliability such as the journal.

Within ‘evaluation strategy’ there were two types of description. Some participants discussed what
they had actually done to review the paper within the interview, whereas others described what they
would do to critically evaluate research papers more generally. For example, Liam (academic)
described specific information from the figures and methods he used to make judgements in real
time. In contrast, Hannah (undergraduate) described what she would have done given more time,
indicating she knew what should be done to evaluate reliability, but had not done so in this setting.

On Figure 3 there seems to be a substantial disparity between the experimental groups in the histogram in
Figure 3D. The level of significance in Figure 3B is only 0.05 so that’s only a relatively weak effect. — Liam,
Academic

[Given more time] I would definitely read the results. Their experimental techniques and how they’d drawn
their conclusions. What have you done? What question are you asking with this? That’s the kind of thing I
would look for. - Hannah, 2" year undergraduate

Other participants were much less sure about how to evaluate the paper, or indicated that they
would rely on external proxies for reliability such as the journal (e.g. Gabriella, PhD student).

Table 2. ‘Evaluation strategy’ theme summary. Ny indicates the number of participants who mentioned this subtheme,
Nmentions iNdicates the total number of times this subtheme was mentioned.

Subtheme and Specific codes Nmentions  Npeople lllustrative quotes

Subtheme: Experimental information 77 30

- Controls & Replicates 27 19 I'd look for the controls that they used in their experiments to see
if they were sound.

- Statistics & data 22 18 n is 188 - | doubt that’s 188 mice.

- Experimental design 24 15 Is it a correlation or an active manipulation?

- Clear effect 4 4 In Figure 3 there seems to be a substantial disparity between the
experimental groups.

Subtheme: Written arguments 32 16

- Data match description 1 10 What | did do was look at the graphs versus what they were
saying in the discussion.

- Strength of Claim vs level of proof 10 7 Ildon't know if the amount of certainty in the title is portrayed in
the degree of their results

- Logic of argument 4 4 Have all of the majorly important questions been addressed to
draw the conclusion the authors draw?

Subtheme: External information 15 1

- Compare to other papers 8 7 If one paper says something | tend to want to look for other
authors in the same field agreeing with them.

- Authors/ journal/other 6 3 The journal does have an influence on this judgement - PNAS is a

good journal.
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Figure 2. Summary of Reading Patterns by (A) self-reported familiarity with the topic and (B) career stage. (C) presents the self-
reported familiarity with the topic by career stage for reference. The ‘Abstract Only’ readers are not included as their reading
pattern could not be determined.

What sort of controls they have used, whether they have any conflicts of interest with the people who have
produced it — the research place they came from, Stamford. It seems quite above board. PNAS has a good
review. — Gabriella, PhD student

Participants who described a relatively superficial approach to critical evaluation tended to be
undergraduates or PhD students. However, several undergraduates and most PhD students had
some understanding of how to evaluate data, so it would be incorrect to assume that all inexperi-
enced readers were unable to critically evaluate the paper.
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Prior knowledge and context inform reading approach

In reviewing the descriptions of reading pattern and critical evaluation, we noted several mentions
of how reading approach might have differed in a different situation (e.g. Hannah above). We also
observed that several participants mentioned their (lack of) prior knowledge. We therefore devel-
oped ‘Prior Knowledge’ and ‘Reading Context’ as themes (Table 3).

The most frequently mentioned ‘Prior Knowledge’ subtheme was lack of expertise as a barrier (n
=9), followed by how their reading strategy might have differed if they were more familiar with the
specific research area (n=5). Many undergraduates described a general lack of knowledge (e.g.
Rachel, undergraduate) or struggled to say what the paper showed (e.g. Phoebe, undergraduate).
However, other participants described lack of knowledge in reference to the specific topic of the
research paper, despite being (highly) experienced in reading the literature in general. This was
most explicitly described by Yvonne, a senior academic who chose the biochemistry paper. How-
ever, her expertise was in a completely different study system, biochemical pathways and exper-
imental methods, so she reported ‘D - I am unfamiliar with this topic’.

I don’t think I have adequate knowledge in any subject to thoroughly critically review papers. So I trust them
somewhat, but I don’t have the knowledge to properly critique them, or the time to read all of the papers
behind it. - Rachel, 2nd year undergraduate

I'm not sure where to begin. I feel like they were trying to show experimentally which they’d only shown by
correlations before. But I'm not sure that they were that successful. - Phoebe, 3rd year undergraduate

Well if I knew about any of the techniques I would be looking at the techniques, but I don’t know anything
about them. They've done in situ [hybridisation]; I think that’s the brown blobs there showing its being
expressed, so that’s pretty looks pretty convincing. — Yvonne, Academic

While both of these participants described lack of prior knowledge as a barrier to critical evaluation,
their lack of knowledge was at a very different level. Rachel and Phoebe describe a general lack of
scientific knowledge, whereas Yvonne describes a lack of specific sub-disciplinary knowledge that
came from reading outside her field of expertise.

The most commonly mentioned ‘Reading Context’ subtheme was the time available in the inter-
view for the reading task (n = 10), followed by the purpose of reading (n = 8). Graham and Owen
(both undergraduates) typify these two subthemes.

Because it was a short period of time I didn’t look at the introduction, but I would usually read that first. Had I
been reading it under un-timed conditions it would have been Abstract, Introduction, Discussion, Results
then scan the materials if it was interesting. — Graham, 3rd year undergraduate

I think if the paper was then something that I was particularly interested in then I'd go on to read the discus-
sion. And if T was going to critique the paper, or I was looking to do a similar experiment myself, I'd look
deeper into the methods. Owen, 2™ year undergraduate

Table 3. ‘Reading Context’ and ‘Prior Knowledge’ theme summaries.

Prior Knowledge Nmentions  Npeople  Illustrative Quote
Subthemes
- Lack of Expertise as a barrier 1 9 In this particular case | definitely need to know more about the glycolysis and
glutamine pathway.
- Level of knowledge affects 10 5 First | read the title and abstract, then intro just because | don't really know
strategy much about the topic.
- General scientific knowledge 3 3 From my own purely amateur experience in this field I'm not surprised by the
findings they give in the abstract.
Context Subthemes Nmentions  Npeople  Illustrative Quote
Time 11 10 Because it was a short period of time | didn’t look at the introduction, but |
would usually read that first.
Purpose of reading 10 8 If I was sure this paper was going to be useful, so someone has suggested it to
me, | would probably just read it all the way through.
Own research 2 2 If it's closer to anything that concerns my direct research | might go straight

into ... the methods or figures
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In addition, two researchers described the relationship between their direct area of research and the
paper they were reading (Table 3).

Discussion

In this study, we explored what biologists from a range of career stages did when presented with a
novel research paper and how they went about critically evaluating it. Participants prioritised differ-
ent sections of the paper, and differed in the order in which they read it, and the information they
extracted. A major difference in reading approach was whether individuals read in a ‘data-centric’
way, choosing to interpret figures/tables directly without prompting, or whether they read in a ‘nar-
rative-centric’ way relying on authors descriptions of their findings. We found that undergraduates
were more likely to be ‘narrative-centric’, while researchers were mostly ‘data-centric’ readers, but
variation between individuals meant that reading pattern could not be inferred from career stage.
We identified multiple strategies that readers used to evaluate the quality of a research paper, and
that prior knowledge and reading context influence engagement with a research paper.

What does it mean to be an experienced scientific reader?

All of our academics and postdoctoral researchers adopted a data-centric approach to reading,
suggesting this is a characteristic of experienced readers. They adopted a critically evaluative read-
ing approach without being prompted to do so. In contrast, many of our inexperienced under-
graduate readers and some postgraduates relied on the narrative of the paper for their
understanding, and often found their lack of knowledge to be barrier to deeper engagement with
the paper. This suggests that reading experience is multi-faceted, including development of prior
knowledge, and adopting strategies to prioritise reading and criticality. A link between lack of read-
ing experience and surface-level reading strategies is well documented (Alexander, 2003, 2005; Brill
et al., 2004; Hoskins et al., 2011; Lie et al., 2016), therefore our findings are broadly consistent with
other studies of scientific literacy development. They also potentially align with broader research on
the nature of disciplinary expertise, whereby our ‘data-centric’ mode of reading may represent a
characteristic reasoning pattern typical of experts (Perkins & Salomon, 1989).

To understand new information we need to be able to relate it to existing knowledge (Harrison &
Perry, 2004; O’'Donnell & Wood, 2004). Schema theory proposes that readers organise their knowl-
edge into networks of inter-related concepts, that are iteratively built on with each new piece of
information (Anderson & Pearson, 1984). For example, a biochemist might have a schema of
knowledge about a particular metabolic pathway and techniques used in the field. The biochemist
can link new information (e.g. new findings about an enzyme) to their existing schema of knowl-
edge, therefore comprehending it. An ecologist lacks this schema, so is less able to comprehend the
new information, and less likely to retain it. The importance of a coherent schema of knowledge was
demonstrated by our participants. Liam (academic) clearly had detailed prior knowledge about the
topic of his paper even though it was not his immediate area of expertise, so was immediately able to
make connections between his existing understanding and the new information in the paper. In
contrast, Phoebe (undergraduate) found her lack of knowledge to be a barrier to engaging in the
paper, and could only make relatively superficial statements about it. Nelms and Segura-Totten
(2019) also found that novice readers lacked the complex schema of knowledge that expert readers
relied on when reading a paper.

Yvonne demonstrates how specialised a coherent schema of knowledge needs to be. Although
her expertise was in biochemistry, the paper we gave her described an unfamiliar pathway,
model species and experimental techniques. As such, she had a fragmented mental model to
base her reading on. Alexander (2003) separates knowledge into ‘domain’ and ‘topic’ knowledge.
‘Domain’ knowledge represents the broad understanding of a subject area e.g. general scientific
principles. In contrast, ‘topic’ knowledge concerns depth of knowledge in specific areas, e.g. how
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a particular gene is regulated (Alexander, 2005). Yvonne exemplifies someone with high domain
knowledge, but limited topic knowledge. However, Yvonne’s lack of topic knowledge did not
stop her adopting a critically evaluative, data-centric reading pattern. This suggests reading patterns
of experienced readers are more associated with domain knowledge than topic knowledge.

A key characteristic of our data-centric readers was focussing on the information presented
within figures and tables rather than the text itself. This presents an interesting paradox, whereby
learning to ‘read’ scientifically is partially characterised by prioritising visual information over writ-
ten words. This observation is supported by several other studies of expert readers (Bowen et al.,
1999; Harsh et al,, 2019; Nelms & Segura-Totten, 2019; Shanahan et al., 2011; Weinberg et al,,
2016). Scientific texts are unusually rich in inscriptions (graphs, diagrams, tables, formulae etc),
which are central to understanding the document (Bowen et al., 1999; Bowen & Roth, 2002).
Being an experienced scientific ‘reader’ is more than being able comprehend text, but also requires
skills including visual and statistical interpretation. Some of our inexperienced readers did not use
the figures at all, even when prompted to critically evaluate the paper in later questions. Others
attempted to engage with the figures but found themselves unable to interpret the information,
so turned instead to textual descriptions they found easier to engage with (e.g. Phoebe). Others
have highlighted how challenging interpreting inscriptions can be for undergraduates, and that
these skills need developing in their own right (Bowen et al., 1999; Harsh et al., 2019). Our study
was not designed to explore how readers approached graphical interpretation, but this warrants
further attention, particularly where readers changed their reading strategy when they are unable
to interpret inscriptions.

While we find clear evidence for ‘data-centric’ and ‘narrative-centric’ reading patterns within our
study, our ‘holistic’ category may not be as well supported by additional research. It might be that
our holistic readers genuinely combined a narrative-centric and data-centric approach, or it might
be that the constraints of the interview situation resulted in them reading the paper in a way that
might not reflect their reading in a different setting. It should be noted that our holistic readers took
longer to read the paper than either data-centric or narrative-centric readers, so might have inter-
preted the task differently, or may have felt uncomfortable re-starting the interviews before reading
the whole paper. Other studies asking students to reflect on their reading have found that under-
graduate readers do engage with multiple sections of a research paper, and a majority attempt to
understand how the results support the conclusions (Verkade & Lim, 2016). This could support
the existence of a holistic mode of reading, or might indicate that most readers adopt more
data-centric approaches given more time. As there were only five holistic readers in our sample
population and there are multiple reasons that might account for this reading pattern, the establish-
ment of this category should not be over-interpreted. Considering scientific reading patterns in
more authentic settings with a larger sample size may help to establish whether ‘holistic’ is a genuine
categorisation of reading behaviour.

Comparison to conceptual frameworks

Given the complexity of what it means to be an experienced reader, it is likely that developing scien-
tific reading skills occurs gradually over an extended period of time. The most relevant model that
presents learning to read as a life-long process is Patricia Alexander’s Model of Domain Learning
(MDL) (Alexander, 1997, 2003, 2005). Readers start from an acclimation state, then move through
competency to proficiency/expertise. During acclimation, readers encounter unfamiliar terminol-
ogy and conventions, have fragmented understanding of the subject, and are poorly able to dis-
tinguish between relevant and irrelevant information. They therefore adopt surface-level reading
strategies. As readers gain a more coherent understanding within their discipline they enter com-
petency, adopting deeper processing strategies such as questioning the source. Proficient readers
have broad and deep understanding of their discipline, adopt deep-processing strategies and typi-
cally actively contribute to their field by creating new knowledge. Expert readers have deeper
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knowledge still, and seek transformative new ideas through their reading (Alexander, 1997, 2003,
2005). Acclimating readers typically have situational interest in the source (e.g. reading for an
assignment), whereas proficient/expert readers generally read for personal or professional interest
(Alexander, 2005).

Although our study was not designed to formally align with the MDL, we have tentative evidence
for readers in the acclimation, competent and proficient/expert phases. Phoebe and Graham (both
undergraduates) are probably acclimating readers who adopted surface-level approaches and lacked
prior knowledge required for deeper engagement. Tracy (PhD student) might be a competent
reader as she had a clearer strategy for reading, and demonstrated some deeper level processing.
Liam (academic) demonstrated the knowledge and deep-processing abilities typical of proficient
or expert readers. However, other participants would not easily be classified on Alexander’s
model. Is Yvonne (academic) a proficient reader, or is she only competent in this scenario due
to her limited topic knowledge? Is Hannah (undergraduate) a competent reader because she
knows what she should do when reading, even if she actually read more like an acclimating reader?
Given the importance of reading context, it is unlikely that a reader could be accurately classified on
the MDL through research designs involving a single text. However, the similarities between our
analysis and the MDL make it a valuable framework for alignment of future research.

An alternative conceptual framework that be relevant is that of ‘reading thresholds’, which draws
on the threshold concept literature to establish that there are particular aspects of learning to read
that once learned cannot easily be unlearned (Abbott, 2013). This model sees development of read-
ing expertise as a series of unidirectional steps, rather than the gradual transitions proposed in the
MDL (Alexander, 2005). For example, Davies (2018) proposes that seeing scientific papers as per-
suasive documents rather than descriptions of objective scientific facts is a reading threshold. While
this study did not aim to explore thresholds, it is possible that this model explains the difference
between our narrative- and data-centric readers. The narrative readers may not have passed
through this threshold so were happy to rely on the author descriptions, not realising that these
are subjective. The data-centric readers may have passed this threshold, so preferred to critically
evaluate the data for themselves. There is some evidence within our data to support this idea.
Yvonne read in a data-centric way typical of having passed through the threshold, even when read-
ing in a discipline she was unfamiliar with. This threshold model would also account for the fact
that there was variation in reading approaches amongst our early career readers, but all our post-
doctoral and academic readers read in a similar data-centric way implying all had passed the
threshold. Further research into our narrative- and data-centric classifications should aim to
explore (i) whether narrative-centric readers can become data-centric readers (ii) whether this tran-
sition is gradual or abrupt and (iii) whether there are specific reading thresholds that define differ-
ences between these reading styles. This may help to define what constitutes ‘expert’ scientific
reading, and what factors influence whether an individual has become an expert reader.

Limitations of data and future directions

While our findings are broadly consistent with others, there are limitations of our research design
that need to be considered. Our study was designed to capture initial impressions of a scientific
paper within the interview situation, so may not reflect how participants might have engaged
with the text in their own time. To gain a more accurate understanding of how readers approach
scientific papers it would be of value to conduct similar studies in a more realistic setting(s). Our
research design also does not allow us to explore how an individual may change their reading strat-
egy depending on the context. We also only consider reading within the biosciences, a discipline
that requires relatively early and deep engagement with the literature (Hubbard, 2021). In other dis-
ciplines, our findings may be more relevant to postgraduate education. Our participants are entirely
drawn from one institution with very high academic entry standards, so our undergraduates are
likely to have higher than average reading abilities. It is likely that the challenges our readers had
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will be even greater for those reading in a second language, those with dyslexia and those with lower
overall literacy levels. It would be of interest to extend investigations of scientific reading to other
institutions with different student demographics, and across disciplines. It should also be noted that
our design relies on sampling strategy to infer how reading may develop across a scientific career,
but a longitudinal research design is required to fully answer this question.

Our study provides evidence that scientific reading approaches change as readers gain experi-
ence and expertise in engaging with the literature. However, the modest size of our sample and
research design do not currently allow us to clearly separate experience and expertise from career
stage. While we can reasonably assume that academics (faculty) are experienced scientific readers,
similar assumptions cannot be made for other career stages. This is particularly relevant for post-
graduates; some of our PhD students adopted data-centric reading patterns typical of experienced
readers (e.g. Tracy), others took a more narrative-centric or holistic approach to reading (e.g. Gab-
riella and Euan). While some undergraduates took a relatively naive or superficial approach to read-
ing the paper, others adopted a more data-driven critical approach. We therefore cannot infer
‘novice’ or ‘expert’ reading behaviours simply from career stage. Our previous research also
found differences between undergraduates, PhD students, researchers and academics in terms of
how easy they found the results section to engage with (Hubbard & Dunbar, 2017), suggesting
that binary classifications of ‘expert’ and ‘novice’ readers by career stage are overly simplistic.
Much of the literature in this area compares undergraduates with faculty (Nelms & Segura-Totten,
2019; van Lacum et al., 2012; Weinberg et al., 2016), so does not allow the gradual journey towards
expertise to be considered. Given that models such as the MDL emphasise that building expertise
takes a long time (Alexander, 2003), more detailed studies involving Masters students, PhD
researchers and postdoctoral researchers are required. It would also be useful to collect information
on how many papers participants read per week, and an estimate of the total number of papers the
individual had ever read (although this may be difficult to capture accurately). Further research with
a larger sample size is needed to separate out the influence of career stage, number of papers read,
reading expertise and experience on reading strategy.

Implications for practice

Our study was designed to explore what readers did when encountering a novel research paper,
rather than evaluating any particular pedagogy. There are multiple published teaching strategies
to support undergraduates with reading research papers (e.g. Hoskins et al., 2007, 2011; Kozeracki
et al., 2006; Willmott et al., 2003). The disciplinary nature of literacy means science educators need
to build time into their curricula to model expert reading strategies (Davies, 2018; Shanahan & Sha-
nahan, 2012). The results of this study allow us to make the following recommendations for teach-
ing practice. (1) Instructors should recognise that early-career readers may have a (very) limited
prior knowledge on which to draw when reading, and that this may be a barrier to deeper engage-
ment with research literature. Readers should be given time and support to create an appropriate
schema of knowledge before being expected to read critically. For early encounters with the litera-
ture, instructors should select papers carefully to ensure they are appropriate. (2) Instructors should
explicitly promote reading strategies that support a data-centric approach to reading, including
interpretation of figures and tables. This may be most effectively achieved by including assignments
that focus on developing academic reading in a disciplinary context. (3) Courses should include
repeated opportunities for readers to increase their confidence when engaging with research papers,
rather than relying on a single intervention. (4) Courses should allow inexperienced readers to
model ‘expert’ reading strategies. This would be most effectively done by bringing novice and
experienced readers together to openly discuss their reading, including strategies adopted and
the frustrations of reading complex scientific text. (5) Postgraduate programmes should also incor-
porate structured support for scientific reading. This may be especially relevant for inter-
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disciplinary researchers, who may need more support in reading outside their core discipline than is
generally recognised.

Conclusions

We have explored how scientists at different career stages approach reading an unfamiliar scientific
paper, using a case study within the biosciences. While our study does not capture the full depth of
reading practices, it indicates that experienced scientists are more likely to read in a data-centric
way, while inexperienced readers are more likely to use written narratives to inform their under-
standing. Experienced readers are also more likely to have a coherent schema of knowledge on
which to base their understanding, and that lack of knowledge can be a barrier to deeper engage-
ment for inexperienced readers. As such, we cannot assume that early-career readers interpret ‘go
and read a paper’ in the same way as more experienced research-driven readers. If our pedagogical
aim is for undergraduates to model ‘expert’ reading strategies, they need active support and
scaffolding to prioritise their reading, particularly when it comes to engaging with figures and
tables. STEM educators therefore have a responsibility to adopt effective pedagogies for developing
scientific literacy, so that inexperienced readers can understand what we actually require from
scientific reading.

Acknowledgements

We thank Lee Fallin for his helpful feedback on earlier versions of this manuscript, and for assistance with qualitative
analysis.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Katharine E. Hubbard 2 http://orcid.org/0000-0002-4862-0466
Sonja D. Dunbar (2 http://orcid.org/0000-0001-5009-2992
Emma L. Peasland ) http://orcid.org/0000-0002-3001-5671
Jeremy E. Solly (2 http://orcid.org/0000-0003-1401-5919

References

Abbott, R. (2013). Crossing thresholds in academic reading. Innovations in Education and Teaching International, 50
(2), 191-201. https://doi.org/10.1080/14703297.2012.760865

Alexander, P. A. (1997). Mapping the multidimensional nature of domain learning: The interplay of cognitive, moti-
vational, and strategic forces. In M. L. Maehr & P. Pintrich (Eds.), Advances in motivation and achievement. (Vol.
10, pp. 213-250). JAI Press.

Alexander, P. A. (2003). The development of expertise: The journey from acclimation to proficiency. Educational
Researcher, 32(8), 10-14. https://doi.org/10.3102/0013189X032008010

Alexander, P. A. (2005). The path to competence: A lifespan developmental perspective on reading. Journal of
Literacy Research, 37(4), 413-436. https://doi.org/10.1207/s15548430jlr3704_1

Anderson, R. C., & Pearson, P. D. (1984). A schema-theoretic view of basic processes in reading comprehension. In P.
D. Pearson (Ed.), Handbook of reading research (pp. 255-291). Lawrence Erlbaum Associates.

Benedetti, M., Pontiggia, D., Raggi, S., Cheng, Z., Scaloni, F., Ferrari, S., Ausubel, F. M., Cervone, F., & De Lorenzo, G.
(2015). Plant immunity triggered by engineered in vivo release of oligogalacturonides, damage-associated molecu-
lar patterns. Proceedings of the National Academy of Sciences of the United States of America, 112(17), 5533-5538.
https://doi.org/10.1073/pnas.1504154112

Bowen, G. M., & Roth, W.-M. (2002). Why students may not learn to interpret scientific inscriptions. Research in
Science Education, 32(3), 303-327. https://doi.org/10.1023/A:1020833231966


http://orcid.org/0000-0002-4862-0466
http://orcid.org/0000-0001-5009-2992
http://orcid.org/0000-0002-3001-5671
http://orcid.org/0000-0003-1401-5919
https://doi.org/10.1080/14703297.2012.760865
https://doi.org/10.3102/0013189X032008010
https://doi.org/10.1207/s15548430jlr3704_1
https://doi.org/10.1073/pnas.1504154112
https://doi.org/10.1023/A:1020833231966

16 K. E.HUBBARD ET AL.

Bowen, G. M., Roth, W. M., & McGinn, M. K. (1999). Interpretations of graphs by university biology students and
practicing scientists: Toward a social practice view of scientific representation practices. Journal of Research in
Science Teaching, 36(9), 1020-1043. https://doi.org/10.1002/(SICI)1098-2736(199911)36:9<1020::AID-TEA4>3.
0.CO;2-#

Braun, V., & Clarke, V. (2006). Using thematic analysis in psychology. Qualitative Research in Psychology, 3(2), 77-
101. https://doi.org/10.1191/1478088706qp0630a

Brill, G., Falk, H., & Yarden, A. (2004). The learning processes of two high-school biology students when reading
primary literature. International Journal of Science Education, 19(4), 497-512. https://doi.org/10.1080/
0950069032000119465

British Educational Research Association. (2011). Ethical guidelines for educational research (3rd ed.). (No. 3). BERA.
https://www.bera.ac.uk/publication/ethical-guidelines-for-educational-research-2011

Cohen, L., Manion, L., & Morrison, K. (2017). Research methods in education. (8th ed., pp. 506-541). Routledge.

Davies, L. J. (2018). Getting to the root of the problem: Teaching reading as a process in the sciences. In A. S.
Horning, D.-L. Gollnitz, & C. R. Haller (Eds.), What is college reading? (pp. 161-182). University Press of
Colorado. https://doi.org/10.37514/atd-b.2017.0001.2.08

Dawson, B., & Trapp, R. G. (2004). Basic and clinical biostatistics (4th ed.). McGraw-Hill Education.

Fang, Z. (2005). Scientific literacy: A systemic functional linguistics perspective. Science Education, 89(2), 335-347.
https://doi.org/10.1002/sce.20050

Galbraith, J. A., Beggs, J. R., Jones, D. N., & Stanley, M. C. (2015). Supplementary feeding restructures urban bird
communities. Proceedings of the National Academy of Sciences of the United States of America, 112(20), E2648-
E2657. https://doi.org/10.1073/pnas.1501489112

Harrison, C., & Perry, J. (2004). Understanding understanding: How we learn from texts. In C. Harrison (Ed.),
Understanding reading development (pp. 50-81). SAGE Publications.

Harsh, J. A., Campillo, M., Murray, C., Myers, C., Nguyen, J., & Maltese, A. V. (2019). ‘Seeing’ data like an expert: An
Eye-Tracking Study using graphical data representations. CBE Life Sciences Education, 18(3), ar32. https://doi.org/
10.1187/cbe.18-06-0102

Hoskins, S. G., Lopatto, D., & Stevens, L. M. (2011). The C.R.E.A.T.E. Approach to primary literature shifts under-
graduates’ self-assessed ability to read and analyze journal articles, attitudes about science, and epistemological
beliefs. CBE Life Sciences Education, 10(4), 368-378. https://doi.org/10.1187/cbe.11-03-0027

Hoskins, S. G., Stevens, L. M., & Nehm, R. H. (2007). Selective use of the primary literature transforms the classroom
into a virtual laboratory. Genetics, 176(3), 1381-1389. https://doi.org/10.1534/genetics.107.071183

Hubbard, K. (2021). Disciplinary literacies in STEM: What do undergraduates read, how do they read it, and can we
teach scientific reading more effectively? Higher Education Pedagogies, 6(1), 41-65. https://doi.org/10.1080/
23752696.2021.1882326

Hubbard, K. E., & Dunbar, S. D. (2017). Perceptions of scientific research literature and strategies for reading papers
depend on academic career stage. PloS One, 12(12), e0189753. https://doi.org/10.1371/journal.pone.0189753

Kozeracki, C. A., Carey, M. F,, Colicelli, J., Levis-Fitzgerald, M., & Grossel, M. (2006). An intensive primary-litera-
ture-based teaching program directly benefits undergraduate science majors and facilitates their transition to doc-
toral programs. CBE Life Sciences Education, 5(4), 340-347. https://doi.org/10.1187/cbe.06-02-0144

Lie, R., Abdullah, C., He, W., & Tour, E. (2016). Perceived challenges in primary literature in a master’s class: Effects
of experience and instruction. CBE Life Sciences Education, 15(4), 1-12. https://doi.org/10.1187/cbe.15-09-0198

Nelms, A. A., & Segura-Totten, M. (2019). Expert-novice comparison reveals pedagogical implications for students’
analysis of primary literature. CBE—Life Sciences Education, 18(4), ar56.

Nowell, L. S., Norris, J. M., White, D. E., & Moules, N. J. (2017). Thematic analysis: Striving to meet the trustworthi-
ness criteria. International Journal of Qualitative Methods, 16(1), 1609406917733847. https://doi.org/10.1177/
1609406917733847

O’Donnell, M. P., & Wood, M. (2004). Becoming a reader. A developmental approach to reading instruction (3rd ed.).
Pearson Educational.

Pearson, D., Moje, E., & Greenleaf, C. (2010). Literacy and science: Each in the service of the other. Science, 328
(5977), 459-463. https://doi.org/10.1126/science.1182595

Perkins, D. N., & Salomon, G. (1989). Are cognitive skills context-bound? Educational Researcher, 18(1), 16-25.
https://doi.org/10.3102/0013189X018001016

QAA. (2015). Subject benchmark statement: Biosciences. Quality Assurance Agency for Higher Education. https://
www.qaa.ac.uk/docs/qaa/subject-benchmark-statements/sbs-biosciences-15.pdf?sfvrsn = 4eef781_26

Ranade, S. S., Qiu, Z., Woo, S.-H., Hur, S. S., Murthy, S. E,, Cahalan, S. M., Xu, J., Mathur, J., Bandell, M., Coste, B., Li,
Y.-S.J., Chien, S., & Patapoutian, A. (2014). Piezol, a mechanically activated ion channel, is required for vascular
development in mice. Proceedings of the National Academy of Sciences of the United States of America, 111(28),
10347-10352. https://doi.org/10.1073/pnas.1409233111

Shanahan, C., Shanahan, T., & Misischia, C. (2011). Analysis of expert readers in three disciplines: History, math-
ematics, and chemistry. Journal of Literacy Research: Jlr, 43(4), 393-429. https://doi.org/10.1177/
1086296X11424071


https://doi.org/10.1002/(SICI)1098-2736(199911)36:9%3C1020::AID-TEA4%3E3.0.CO;2-#
https://doi.org/10.1002/(SICI)1098-2736(199911)36:9%3C1020::AID-TEA4%3E3.0.CO;2-#
https://doi.org/10.1191/1478088706qp063oa
https://doi.org/10.1080/0950069032000119465
https://doi.org/10.1080/0950069032000119465
https://www.bera.ac.uk/publication/ethical-guidelines-for-educational-research-2011
https://doi.org/10.37514/atd-b.2017.0001.2.08
https://doi.org/10.1002/sce.20050
https://doi.org/10.1073/pnas.1501489112
https://doi.org/10.1187/cbe.18-06-0102
https://doi.org/10.1187/cbe.18-06-0102
https://doi.org/10.1187/cbe.11-03-0027
https://doi.org/10.1534/genetics.107.071183
https://doi.org/. https://doi.org/10.1080/23752696.2021.1882326
https://doi.org/. https://doi.org/10.1080/23752696.2021.1882326
https://doi.org/10.1371/journal.pone.0189753
https://doi.org/10.1187/cbe.06-02-0144
https://doi.org/. https://doi.org/10.1187/cbe.15-09-0198
https://doi.org/10.1177/1609406917733847
https://doi.org/10.1177/1609406917733847
https://doi.org/10.1126/science.1182595
https://doi.org/10.3102/0013189X018001016
https://www.qaa.ac.uk/docs/qaa/subject-benchmark-statements/sbs-biosciences-15.pdf?sfvrsn=4eef781_26
https://www.qaa.ac.uk/docs/qaa/subject-benchmark-statements/sbs-biosciences-15.pdf?sfvrsn=4eef781_26
https://doi.org/10.1073/pnas.1409233111
https://doi.org/10.1177/1086296X11424071
https://doi.org/10.1177/1086296X11424071

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION, PART B . 17

Shanahan, T., & Shanahan, C. (2012). What is disciplinary literacy and why does it matter? Topics in Language
Disorders, 32(1), 7. https://doi.org/10.1097/TLD.0b013e318244557a

Shroff, E. H., Eberlin, L. S., Dang, V. M., Gouw, A. M., Gabay, M., Adam, S. ], Bellovin, D. L, Tran, P. T., Philbrick,
W. M, Garcia-Ocana, A., Casey, S. C,, Li, Y., Dang, C. V., Zare, R. N., & Felsher, D. W. (2015). MYC oncogene
overexpression drives renal cell carcinoma in a mouse model through glutamine metabolism. Proceedings of the
National Academy of Sciences of the United States of America, 112(21), 6539-6544. https://doi.org/10.1073/pnas.
1507228112

Snow, C. E., Johnson, J., Martin-Hansen, L., Schleppegrell, M. J., Fang, Z., Coxhead, A., Lawrence, J., Moje, E. B,,
Overby, M., Tysvaer, N., Morris, K., Snow, C., Lawrence, J., White, C., Murphy, P. K., Wilkinson, I. A. G,
Soter, A. O., Hennessey, M. N., & Alexander, J. F. (2010). Academic language and the challenge of reading for
learning about science. Science, 328(5977), 12-452. https://doi.org/10.1126/science.1182597

St Clair-Thompson, H., Graham, A., & Marsham, S. (2017). Exploring the reading practices of undergraduate stu-
dents. Education Inquiry, 1-15. https://doi.org/10.1080/20004508.2017.1380487

van Lacum, E., Ossevoort, M., Buikema, H., & Goedhart, M. (2012). First experiences with reading primary literature
by undergraduate Life Science students. International Journal of Science Education, 34(January 2015), 1795-1821.
https://doi.org/10.1080/09500693.2011.582654

Verkade, H., & Lim, S. H. (2016). Undergraduate Science Students’ attitudes toward and approaches to scientific
reading and writing. Journal of College Science Teaching, 45(4), 83-89. https://doi.org/10.2505/4/jcst16_045_04_83

Weinberg, A., Wiesner, E., & Barr, J.. (2016). Sense-making practices of expert and novice readers. In M. B. Wood, E.
E. Turner, M. Civil, & J. A. Eli (Eds.), Proceedings of the 38th annual meeting of the North American Chapter of the
International Group for the Psychology of Mathematics Education (pp. 97-104). http://files.eric.ed.gov/fulltext/
ED583686.pdf (Accessed: 13 June 2019)

Willmott, C. J. R,, Clark, R. P., & Harrison, T. M. (2003). Introducing undergraduate students to scientific reports.
Bioscience Education, 1(1), 1-8. https://doi.org/10.3108/beej.2003.01010010


https://doi.org/10.1097/TLD.0b013e318244557a
https://doi.org/10.1073/pnas.1507228112
https://doi.org/10.1073/pnas.1507228112
https://doi.org/10.1126/science.1182597
https://doi.org/10.1080/09500693.2011.582654
https://doi.org/10.2505/4/jcst16_045_04_83
http://files.eric.ed.gov/fulltext/ED583686.pdf 
http://files.eric.ed.gov/fulltext/ED583686.pdf 
https://doi.org/. https://doi.org/10.3108/beej.2003.01010010

	Abstract
	Introduction
	Methods
	Interview design
	Data analysis
	Ethical oversight

	Results
	Experienced readers tended to be data-centric
	Readers use a variety of strategies to critically evaluate papers
	Prior knowledge and context inform reading approach

	Discussion
	What does it mean to be an experienced scientific reader?
	Comparison to conceptual frameworks
	Limitations of data and future directions
	Implications for practice
	Conclusions

	Acknowledgements
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


