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INTRODUCTION

ABSTRACT

Scientific literacy is a central aim of contemporary science education,
but qualitative studies of how it is conceptualised and enacted across
educational contexts have rarely been integrated through interpretive
synthesis. This review addresses that gap by synthesising qualitative
evidence. Searches in ERIC, Scopus, and Web of Science identified 1,916
records, of which twelve qualitative studies met SPIDER-based eligibility
criteria. The included studies span ten countries across five continents
and educational stages from primary through higher education. They were
analysed through thematic synthesis. The analysis produced four themes.
Each theme explains a condition that shapes scientific literacy: curricular and
epistemological framing, pedagogical mediation and resource conditions,
teacher knowledge and professional capacity, and learner agency and civic
opportunity. Across these themes, a recurring pattern emerged. Scientific
literacy was often supported in one part of the education system but limited
in another. The synthesis therefore treats scientific literacy as a system
dependent capacity. It is more than an individual learner attribute; it is
also shaped by how educational conditions are aligned. Evidence of critical
transformative scientific agency (Vision Ill) was rare within formal curricular
structures and appeared most clearly outside them. The synthesis identifies
the conditions that educational systems need to align for scientific literacy
to develop.
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now encompasses epistemic understanding (DeBoer,

Scientific literacy has become a central aim of 2000), communication (Norris & Phillips, 2003),

contemporary education

because learners are ethical judgement (Sadler & Zeidler, 2009), and

increasingly expected to interpret evidence,
evaluate scientific claims, and participate in public
decisions involving science and technology. Rather
than referring only to scientific facts, the construct

the capacity to act on science-related issues in
personal and civic contexts (Feinstein, 2011; Roberts,
2007).This expanded understanding has developed
alongside philosophical accounts of science as
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provisional, evidence-based, theory-laden, and
socially situated. These perspectives shift attention
from science as fixed knowledge to science as a
way of knowing, communicating, and reasoning in
uncertain social contexts (Allchin, 2014; Lederman,
2007). However, less is known about how these ideas
are translated into curriculum, pedagogy, and public
learning.Despite extensive debate, there is still little
interpretive synthesis of qualitative studies showing
how scientific literacy is framed and enacted across
curricula, classrooms, teacher education, and public-
oriented learning environments (Bearman & Dawson,
2013; Major & Savin-Baden, 2010). The present
meta-synthesis addresses this gap by examining
how educational actors and policy texts define,
interpret, and enact scientific literacy across diverse
educational and sociocultural contexts.

Accordingly, this study was guided by two research
questions:

1. What qualitative findings are reported in studies
on scientific literacy across educational stages
and sociocultural contexts?

2. What themes emerge across these studies
regarding the development and enactment of
scientific literacy, and how are these themes
defined?

This synthesis argues that scientific literacy is best
understood as a system dependent capacity. It is not
produced simply by stating it in curriculum documents
or by improving individual teacher knowledge. Across
the included studies, scientific literacy emerges
when curriculum, assessment, pedagogy, teacher
preparation, resources, school culture, and learner
opportunities work together. When these conditions
are misaligned, scientific literacy might be narrowed,
delayed, or displaced.

BAackGROUND AND CONCEPTUAL FRAMING

Scientific Literacy

Scientific literacy is a multifaceted construct that has
evolved alongside shifts in science education, public
policy, and epistemological perspectives on science.
Hurd (1958) was long credited with introducing the
term to recognise the need for citizens to understand
science in an increasingly technological society,

though more recent historical scholarship traces the
phrase’s first published use to the 1940s (Rudolph,
2023). Broadly defined, scientific literacy refers
to an individual’s capacity to understand scientific
concepts, appreciate how scientific knowledge is
generated, and use evidence-based reasoning in
personal and societal contexts (Bybee, 1997; DeBoer,
2000; Laugksch, 2000). Its exact meaning and use in
research and policy have been debated, giving rise to
competing visions and frameworks that reflect broader
philosophical commitments and educational goals.
Among the most influential frameworks is Roberts’
(2007) typology of Vision | and Vision Il. Vision | treats
scientific literacy as mastery of scientific content and
processes for academic or professional use, preparing
future scientists. Vision Il defines it as the capacity
to engage meaningfully with science-related issues
as a citizen, incorporating sociocultural, ethical,
and political dimensions. Vision Il perspectives have
also been proposed, framing scientific literacy as a
possible means of critical empowerment and social
transformation (Aikenhead, Brok, & Sutherland,
2011; Hodson, 2003).

Across these perspectives, a common thread is
the move beyond rote content knowledge toward
epistemic insight: understanding how scientific
knowledge is constructed, validated, and situated
within broader social discourses. This aligns with
research on the Nature of Science (NOS), which
holds that scientific knowledge is tentative,
empirically based, theory-laden, and influenced
by human creativity and social norms (Lederman,
1992, 2007; McComas, Clough, & Almazroa, 1998;
Osborne, Collins, Ratcliffe, Millar, & Duschl, 2003). A
scientifically literate individual is therefore not only
knowledgeable but also able to reason about how
scientific knowledge is built, evaluate the reliability
of claims, discern evidence quality, and appreciate
the provisional nature of scientific conclusions
(Allchin, 2014; Feinstein, 2011).

The Next Generation Science Standards in the
United States similarly combine disciplinary core
ideas with scientific practices and cross-cutting
concepts (NGSS, 2013).The frameworks reviewed so
far share a structural feature: scientific literacy is
treated as a property of the individual learner. PISA
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defines and measures it as students’ competence
to engage with science (Bybee, McCrae, & Laurie,
2009; OECD, 2004; OECD, 2019), and a substantial
body of work has developed assessment instruments
to capture this competence at the individual level
(Gormally, Brickman, & Lutz, 2012). The closely
related NOS (Nature of Science) literature similarly
locates scientific literacy in learners’ cognitive
conceptions of how science works (Lederman, 1992).
This individualist framing has been productive for
measurement and curriculum design, but it positions
scientific literacy as something a learner possesses or
fails to possess. Sadler and Zeidler (2009), Feinstein
(2011), and Roth and Lee (2002) have questioned
whether this framing captures the social and public
ambitions of scientific literacy, though the alternative
conceptions these critiques imply have only gradually
been articulated.

Scientific literacy and science communication
are closely linked. A scientifically literate person
engages with science as it circulates through media
and public discourse, while effective communication
makes scientific knowledge accessible for evaluation
and use (Besley, Dudo, & Storksdieck, 2015; Hottecke
& Allchin, 2020; Norris & Phillips, 2003; Gelmez-
Burakgazi, 2017; Cakmakci & Gelmez-Burakgazi,
2020). Scientific literacy is enacted not only when
learners understand science, but also when they
communicate, question, and use scientific claims
in public contexts. This relationship remains
underexplored as afocus of qualitative synthesis.In this
meta-synthesis, scientific literacy is understood as a
situated, lifelong competence drawing on Feinstein’s
(2011) framework, as also reflected in the work of
Gelmez Burakgazi, Yildirim, and Feinstein (2016).1t
combines scientific knowledge, an understanding of
how scientific knowledge is produced and evaluated,
ethical awareness, communication, and civic agency.
This conceptualisation guides the interpretation of
how scientific literacy is framed and enacted across
curriculum policy, pedagogy, teacher education, and
civic-oriented learning contexts.

Analytical Framing of the Review
Four theoretical traditions are used later in the
article to interpret the themes. Bernstein (1990,

2000) helps explain how curriculum and assessment
structures regulate scientific knowledge. Vygotsky
(1978), extended by Kress (2003), helps explain
how learning tools and social mediation shape
developmental possibilities. Shulman (1986, 1987),
paired with Posner, Strike, Hewson, and Gertzog’s
(1982) account of conceptual change, helps explain
teacher knowledge and its enactment. Roberts
(2007), extended by Sjostrom and Eilks (2018) and
Valladares (2021), helps interpret different aims of
scientific literacy: disciplinary mastery, informed
citizenship, or critical transformative agency. These
traditions were not used as initial coding categories.

METHOD

Research Design

This review adopted a meta-synthesis design (Noblit
& Hare, 1988). Meta-synthesis is a procedure for
integrating findings from qualitative studies by
comparing the concepts each study uses, translating
those concepts across studies, and producing
interpretations that go beyond what any single
study claims. Unlike meta-analysis, which combines
quantitative effect sizes across studies, meta-
synthesis treats qualitative findings as conceptual
material to be re-described and connected across
studies. This design is appropriate for the two research
questions guiding the review. These questions ask
what qualitative findings are reported in studies on
scientific literacy and what themes emerge regarding
its development and enactment across educational
contexts, rather than what its measurable effects
are. The synthesis examined the meanings attached
to scientific literacy across the twelve included
studies, the conditions and tensions that shape its
enactment, and the variations that emerge across
educational stages and sociocultural contexts.

The search strategy was structured using
the SPIDER framework (Cooke, Smith, & Booth,
2012). SPIDER stands for Sample (the people or
texts studied), Phenomenon of Interest (the topic
being studied), Design (the research approach),
Evaluation (the outcomes or perspectives examined),
and Research type. It is a framework developed
specifically to organise searches for qualitative
studies, where the question is usually about meanings
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and experiences rather than measurable outcomes.
Two assumptions guided its use here. First, the review
aimed to interpret meaning across studies rather
than aggregate effect sizes. Second, the selection of
studies aimed to bring in cases likely to yield rich
analytic detail rather than to achieve statistical
representativeness (Patton, 2015). Aligning search
terms with SPIDER elements helped focus retrieval
on contextually rich qualitative studies of scientific
literacy (Methley, Campbell, Chew-Graham, McNally, &
Cheraghi-Sohi, 2014).

The decision to include only qualitative studies
follows directly from this design choice. Meta-
synthesis is a procedure for integrating qualitative
findings. Including quantitative studies would not
align with its analytic logic. The review question
concerns how scientific literacy is conceptualised
and enacted in classrooms, curricula, and teacher
education. It calls for interpretive evidence on the
meanings, conditions, and contradictions through
which scientific literacy is taken into practice.
Quantitative studies of scientific literacy levels
and predictors, while valuable for other purposes,
would require a different synthesis method, meta-

analysis, and would address a different kind of
question. A separate synthesis of quantitative work
would therefore be a different and complementary
undertaking.Reporting  followed the ENTREQ
guidelines (Enhancing Transparency in Reporting the
Synthesis of Qualitative research; Tong, Flemming,
Mclnnes, Oliver, & Craig, 2012); a completed ENTREQ
checklist is provided as Supplementary File S1.
PRISMA conventions structure the study-selection
flow diagram (Figure 1, Page et al., 2021), although
the synthesis interprets qualitative evidence rather
than aggregating effect sizes.

Search Strategy and Data Sources

Guided by SPIDER, database-specific search strings
combined controlled vocabulary and free-text
terms. Searches in ERIC, Scopus, and Web of Science
were chosen for their complementary coverage
of  education-focused, citation-indexed, and
international peer-reviewed literature. They were
executed between March 2024 and April 2025, the
final search was conducted in April 2025. Searches
were limited to peer-reviewed articles, dissertations,
and research reports in English from 2015 to 2025.

Identification

Records identified through
database searching
(ERIC, Scopus, Web of Science)
n=1916

Screening

Records after duplicates removed
= 1,704

n=1
(212 duplicates removed)

Records screened by
title and abstract 4=
n=1704

Records excluded
at title/abstract
screening
n=1,562

Eligibility

Full-text articles assessed Full-text articles
for SPIDER eligibility ] excluded after SPIDER
138

(4 full-texts unavailable) n =126

assessment

n=12

Inclusion

Studies included in
qualitative meta-synthesis

Fig. 1: Flow diagram of the study selection process.
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Table 1L Example Search Keywords and Boolean Operators Aligned with the SPIDER Framework.

SPIDER Element

Representative keywords and operators

sample teacher* OR educator*

student® OR teacher* OR “pre-service” OR “in-service” student* OR pupil* OR learner* OR

Phenomenon of Interest

“scientific literacy” OR “science literacy” OR “science competenc*” OR “scientific capa-
bilit*” OR “science capabilit*”

Design

interview* OR “focus group*” OR ethnograph* OR “case study”

Evaluation

perception® OR experience* OR conception* OR understanding®

Research type

qualitative OR “qualitative study”

The strategy prioritised informationrich qualitative
studies over statistical representativeness.

Screening and inclusion criteria
Amulti-stagescreeningprocessappliedSPIDERcriteria.
In the first stage, titles and abstracts were screened
for explicit mention of scientific literacy, evidence
of qualitative methodology, and educational context.
In the second stage, full texts were assessed against
the SPIDER criteria as specified above. For Sample,
included studies focused on students, practising
teachers, or pre-service teachers; studies whose
primary participants were parents, administrators, or
policy makers were excluded unless their perspectives
concerned student or teacher experiences. For
Phenomenon of Interest, scientific literacy had to be
a primary analytical focus. For Design, studies had
to employ recognised qualitative methodologies with
clear data generation; surveys with only open-ended
questions and evaluations without thick description
were excluded. For Evaluation, studies foregrounded
lived experiences, meaning-making, or perceptual
data rather than knowledge assessment or skill
measurement. For Research Type, studies were
predominantly qualitative; mixed-methods studies in
which the qualitative component was supplementary
were excluded. For example, an eligible study
was one that examined how students, teachers,
or curriculum documents defined, interpreted, or
enacted scientific literacy as a central concern,
rather than one that measured science achievement
or attitudes and mentioned scientific literacy only in
passing.

Study Selection and Final Set
After de-duplication the search yielded 1,704 unique

records. Title and abstract screening reduced this
to 142 studies reporting qualitative investigations of
scientific literacy. Full texts were retrieved for 138
studies and assessed against the SPIDER criteria,
yielding a final set of twelve studies (Table 2).
Although dissertations and research reports were
eligible at the search stage, all studies retained were
peer-reviewed journal articles. The high attrition
rate from initial records (n = 1,916) to the final
twelve studies warrants explanation. The principal
exclusion reason related to the SPIDER Design
criterion was that the majority of retrieved studies
employed quantitative or mixed methods designs in
which qualitative components were supplementary
or instrumentally limited. A secondary exclusion
reason related to the Phenomenon of Interest
criterion was that many retrieved studies addressed
related constructs, such as science achievement,
science attitudes, or STEM identity, without treating
scientific literacy itself as the primary analytical
focus. Among the 126 studies excluded at full-text
assessment, the main reasons were insufficient
qualitative depth, approximately n = 74; scientific
literacy treated as peripheral, approximately n = 31;
and participant profiles outside the defined sample,
approximately n = 21. The resulting set of twelve
studies was selected for conceptual depth rather than
statistical representativeness, which is appropriate
for an interpretive synthesis and falls within the
range typical for qualitative evidence syntheses (six
to thirty studies; Campbell et al., 2011; France et
al., 2019; Noblit & Hare, 1988). Work on purposive
sampling further notes that very large bodies of
eligible studies may reduce analytic depth when the
aim is interpretive rather than aggregative (Ames,
Glenton, & Lewin, 2019; Suri, 2011). The set was
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Table 2: Study Selection Process.

treated scientific literacy as a primary analytical
concern, used recognised qualitative methods, and
provided sufficient contextual detail for comparison
and theme stabilisation.

Stage Process Results Key decisions
1. Database searches Comprehensive searches using n=1,916 Used broad and inclusive search terms
expanded keywords
2. De-duplication Removal of duplicate records n=1,704 Retained 1,704 unique records
3 Tltle./abstract Initial relevance assessment n =142 Excluded 1,562 clearly irrelevant
screening
4. Full-text retrieval Obtaining complete articles n=138 4 unavailable full-texts
5. SPIDER assessment | Detailed eligibility checking n=12 Excluded 126 not meeting all criteria
considered appropriate because all included studies setting, methodological approach, and analytic

contribution. Table 3 summarises their characteristics
at a glance; Supplementary File S3 provides an
extended contextual profile with named frameworks
and instruments.

The twelve studies retained for synthesis vary

across country,

educational stage,

institutional

Synthesis Procedure

Table 3: Characteristics of the Included Studies.

Primary theme
Study Country Educational stage Method and design contribution
Al Sultan et al. USA Higher education, pre-ser- Semi-structured interviews; 3
(2021) vice elementary teachers open and deductive coding
Allison & Goldston . Multiple case study; interviews,
(2018) USA Primary (Grade 5) observations, focus groups 2
Higher education, pre-ser- . . S
Ates et al. (2025) | Sweden vice science teachers semi st.ructured 1.nterv1ews, T3
abductive analysis
(Grades 4-6)
Canlas & Karpude- Philibpines National basic-education Document analysis; content and T T4
wan (2023) PP curriculum (K-10) thematic analysis ’
N . Photovoice and semi-structured
Ekeh (2024) Nigeria Primary (early-grade) interviews; thematic analysis T2
Guerrero & Tor- . . Critical Discourse Analysis (Fair-
res-Olave (2022) Chile Upper-secondary curriculum clough) T1
Johansen & Afdal Lower secondary and initial | Theoretically driven content
Norway ) . T, T3
(2018) teacher education analysis
Ozgiic & Cavkaytar Tiirkive Special-education middle Case study; interviews, observa- T3
(2015) y school tion, video, NVivo analysis
Reyes & Villanueva e Higher education (introduc- | Pedagogical implementation
(2024) Philippines tory chemistry) with qualitative feedback 2,13
Safrizal et al. . . - Qualitative case study; Miles
(2022) Indonesia Primary (Adiwiyata school) and Huberman analysis T4
Saraiva et al. Lower secondary, informal Qualitative case study; log-
(2025) Portugal STEM internship books, presentations, interviews T2, T4
Xuan et al. (2019) | China Lowgr-secondary geography Cont'ent analys1s.(K = 0'.777); T
curriculum semi-structured interviews

Note. T1 = Curricular and Epistemological Framing; T2 = Pedagogical Mediation and Resource Conditions; T3 = Teacher
Knowledge and Professional Capacity; T4 = Learner Agency and Civic Opportunity.
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The synthesis followed Noblit and Hare’s (1988) meta-
ethnographic protocol, supplemented by thematic
synthesis techniques (Thomas & Harden, 2008). The
procedure is summarised in Table 4. The twelve
included studies were first read in full to identify
the concepts each study used to talk about scientific
literacy (first-order constructs). These concepts were
then re-described through close, iterative comparison
across studies; 124 such re-descriptions were
recorded as second-order constructs in the coding
matrix (Supplementary File S4). Constructs were then
grouped through further iterative comparison into
sub-themes, which clustered around four recurring
conceptual concerns. These four themes constitute
the synthesis-level interpretation of the included
studies. Theoretical frameworks (Bernstein, Vygotsky,
Shulman, and Roberts) were brought in afterwards, in
the Discussion, to explain the patterns the comparison
had revealed; they were used as interpretive lenses,
not as predetermined categories for coding.

The Discussion situates the patterns observed
in the twelve studies within wider research and
theoretical frameworks to support interpretation.
External sources do not extend the analytic claims
of the synthesis but add context to the patterns
observed within the included studies. The search
strategy, eligibility criteria, selection process, quality
appraisal, and analytic procedures are documented
in this article and in the supplementary materials.

Quality appraisal, reflexivity, and
trustworthiness

The coding and theme development were conducted
by the first author, with the second author providing
ongoing supervisory review of inclusion decisions,

at scheduled analytic checkpoints. Formal dual
coding with quantitative inter-coder reliability
metrics was not employed. This is acknowledged as
a trustworthiness limitation because independent
replication of the coding matrix cannot be verified.
To strengthen trustworthiness, four procedures
were adopted: CASP appraisal for systematic quality
weighting, an audit trail documenting analytic
decisions, checking interpretations against each
included study’s original conceptual language, and
theoretical triangulation through four analytical
traditions.

Each of the twelve included studies was appraised
using the Critical Appraisal Skills Programme (CASP)
Qualitative Studies Checklist (CASP, 2018), which
evaluates ten domains: research aims, methodology,
design, recruitment, data collection, reflexivity,
ethics, analytic rigour, findings, and research value.
Each study was rated as “Yes”, “Partial”, “Can’t
Tell”, or “No” on every domain. Following Bearman
and Dawson (2013), no study was removed solely on
CASP outcomes; appraisal results instead weighted
interpretation during translation, with caveats noted
where evidence was weaker. The CASP appraisal
indicated that all twelve studies were rated “Yes”
on research aims (Q1), data collection (Q5), clarity
of findings (Q9), and research value (Q10), and that
eleven of twelve were rated “Yes” on appropriateness
of qualitative methodology (Q2) and analytic rigour
(Q8). Two patterns of weaker reporting emerged.
Researcher reflexivity and the researcher-participant
relationship (Q6) received “Partial” or “Can’t Tell”
ratings in all twelve studies, with no study receiving
a “Yes” rating on this domain. Ethical considerations
(Q7) received “Can’t Tell” ratings in nine studies,

theme refinements, and theoretical anchoring because reporting of consent procedures and ethics-
Table 4: Analytic Procedures Used in the Meta-Synthesis.
Step Purpose Procedures

1. Data extraction Create comparable units

Systematic extraction of context, methods, findings, interpreta-
tions

2. Initial coding Identify meaning units

Line-by-line open coding, constant comparison

3. Translation Compare across studies

Concepts compared and re-described across studies, noting
convergence/divergence

4. Synthesis Develop higher-order themes

Iterative theme development, searching for patterns

5. Interpretation

Generate new insights

Synthesis-level interpretation developed across the included
studies

32
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committee approvals was inconsistent, rather than
because practice was necessarily inadequate. Reyes
and Villanueva (2024) and Saraiva et al. (2025)
received the lowest aggregate ratings, with five
“Yes” and four “Partial” ratings, and seven “Yes”
and three “Partial” ratings, respectively. The full
appraisal matrix and study-by-study notes appear in
Supplementary File S2.

The pattern of new codes stabilised over the final
three studies in the analysis order documented in
Supplementary File S4, consistent with the criterion
of no new codes proposed by Saunders et al. (2018).
The criterion was developed for primary qualitative
research and its application to meta-synthesis remains
contested. The present synthesis therefore treats
this stabilisation as a useful indicator of analytic
stability rather than as a methodological guarantee
of comprehensive coverage. The included studies
span ten countries across five continents and primary
through tertiary levels, providing sufficient conceptual
breadth for a synthesis-level interpretation.

REsuLTs

Across the twelve included studies, five findings
emerge about scientific literacy. First, curriculum aims
and classroom practice are often misaligned: curricula
may promote broad forms of scientific literacy, while
assessment systems, teacher education, or classroom
conditions narrow what students experience. Second,
teacher knowledge is necessary but not sufficient:
teachers may understand the relevant content and
pedagogy, yet this knowledge does not become
classroom practice unless time, resources, and
assessment conditions allow them to use it. Third,
scientific literacy is strongest when several conditions
work together, including curriculum, school culture,
teacher support, resources, and opportunities for
students to use science in practice. Fourth, the
critical and transformative dimension of scientific
literacy, Vision lll, is weakly supported: it is not
absent, but it is rarely supported across curriculum,
teacher education, assessment, and classroom
practice. Fifth, scientific literacy appears to be
relational rather than only individual: it develops
through interactions among students, teachers, tools,
curriculum, institutions, and communities. Taken

together, these findings point to scientific literacy as
a system dependent capacity: a learner ability shaped
by how curriculum, pedagogy, teacher knowledge,
and learner opportunity work together rather than by
any one of them alone.

The synthesis developed four cross-study themes,
each framed around a condition on which scientific
literacy depends: curricular and epistemological
framing, pedagogical mediation and resource
conditions, teacher knowledge and professional
capacity, and learner agency and civic opportunity.
Theoretical frameworks were used after these
themes had stabilised. Bernstein (1990, 2000) helped
interpret curriculum and assessment structures.
Vygotsky (1978), with Kress (2003), helped interpret
learning tools and social mediation. Shulman (1986,
1987), with Posner et al. (1982), helped interpret
teacher knowledge and conceptual change. Roberts
(2007), with Sjostrom and Eilks (2018) and Valladares
(2021), helped interpret different aims of scientific
literacy, especially Vision Il and Vision Ill. These
frameworks were used to interpret the findings.

The four themes should be understood as
interconnected rather than independent. Scientific
literacy appears most fully enacted when curriculum
language is supported by pedagogical tools and
authentic learning opportunities, by teachers with
pedagogical content knowledge and decision-making
space, and by opportunities for learners to take up
civic and epistemic agency.

Scientific Literacy Depends on Curricular
and Epistemological Framing

Across the twelve included studies, scientific literacy
is shaped less by what curricula declare it to be than
by what assessment regimes and implementation
structures actually allow it to become. When
curriculum goals conflict with assessment and
implementation structures, those structures tend to
shape what students actually learn. This is the first
claim the synthesis makes about scientific literacy.
Bernstein’s (2000) pedagogic discourse offers
analytical vocabulary for this pattern: curriculum
documents establish rules for selecting, sequencing,
and valuing knowledge, but these rules operate
alongside assessment and implementation systems
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Table 5: Themes, Theoretical Anchors and Key Analytic Points.

Theme

Definition

Theoretical anchor

Key analytic points

T1: Scientific Literacy
Depends on Curricular
and Epistemological
Framing

How curriculum documents act
as regulatory texts that shape
what counts as recognised
science knowledge and how it
should be taught.

Bernstein’s (1990,
2000) pedagogic
discourse: classifi-
cation and framing

Rules for knowledge selection and
sequencing; epistemic balance
between content and inquiry; policy
tensions in curriculum documents

T2: Scientific Literacy
Depends on Pedagog-
ical Mediation and
Resource Conditions

How pedagogical innovation
and material conditions shape
the cultural tools through
which scientific learning is
mediated.

Vygotsky’s (1978)
socio-cultural theo-
ry: learning through
tools, interaction,
and scaffolding

Multimodal literacy and learning
tools; resource constraints and
affordances; scaffolding authentic
scientific practices

T3: Scientific Literacy
Depends on Teacher

Knowledge and Profes-

sional Capacity

How teacher beliefs, ped-
agogical knowledge, and
professional learning influence
the classroom enactment of
scientific literacy.

Shulman’s (1986,
1987) pedagogical
content knowledge
(PCK) framework

Integration of content and pedagogi-
cal knowledge; conceptual change in
teacher beliefs; professional learning
for inquiry-based practice

T4: Scientific Literacy
Depends on Learner
Agency and Civic Op-
portunity

The development of students’
capacity to interpret, evalu-
ate, and use science in social
contexts, positioning learners
as active agents in civic and
community-oriented scientific
practices.

Roberts’ (2007)
Vision I, with cau-
tious attention to
Vision Il scientific
literacy (Sjostrom
& Eilks, 2018; Val-
ladares, 2021)

Socio-scientific issues as learning
contexts; action competence and
ethical reasoning; civic and scientific
identity development

that determine what schools recognise as successful
science learning. In what follows, the term epistemic
framing refers to how knowledge, evidence, and
inquiry are positioned within curriculum documents
and the structures that surround them.

In the Philippines, Canlas and Karpudewan (2023)
show how integrating disaster-risk reduction (DRR)
themes establishes an action-oriented epistemic
frame, inviting students to use science for community
resilience rather than mere fact acquisition. This
curricular move weakens what Bernstein (1990)
terms classification boundaries between academic
and everyday knowledge, aligning with Norris and
Phillips’s (2003) argument that literacy must position
learners as interpreters of knowledge in real-world
contexts.

Xuan, Jin, Jo, Duan, and Kim (2019) show
that geography curricula foregrounding data
interpretation, scientific reasoning, and STS linkages
can enact a holistic epistemic frame that bridges
disciplinary rigour with societal relevance. Explicit
framing of inquiry skills alongside content knowledge
produces a balanced pedagogic discourse, negotiating

between strong framing of disciplinary knowledge
and weakened classification through interdisciplinary
connection. Johansen and Afdal (2018) caution,
however, that even well-designed curricula impose
restraints: policy texts can unintentionally privilege
certain content at the expense of other dimensions.
This reveals tensions within the wider educational
system through which curriculum becomes classroom
practice and is evaluated. In such cases, progressive
curricular intentions may be undermined by
traditional evaluative structures.

Read across these cases, the studies suggest that
curricular framing of scientific literacy operates not
as a single textual property but as a relationship
between what curriculum documents declare and the
assessment and implementation structures through
which they are realised. Guerrero and Torres-Olave
(2022) make this gap most explicit: Although the
2019 Chilean curriculum reform articulates a Vision
Il framing oriented to active citizenship, outcome-
based accountability structures continue to prescribe
a more restrictive vision than the formal curriculum.
Xuan et al. (2019) document a similar mismatch
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within a single curriculum, where data-interpretation
outcomes are strongly framed while inquiry-
evaluation outcomes are absent and examination-
driven assessment constrains the curriculum’s
stated inquiry emphasis. Johansen and Afdal (2018)
extend the pattern across documents, where a
school curriculum’s Vision Il aim is unsupported by a
teacher-education curriculum that puts into practice
Vision I. Canlas and Karpudewan (2023) describe
the converse case, in which civic-scientific content
is operationally embedded in the curriculum but
remains declaratively implicit, producing what their
analysis terms implicit content that requires teacher
activation. In Bernstein’s terms, the key issue is
not the way curricula select and organise scientific
knowledge alone, but how this selection relates to
the assessment and implementation structures that
surround it. Scientific literacy therefore depends on
the alignment between curricular framing and the
structures that determine what schools recognise
as successful science learning. This indicates that
scientific literacy cannot be inferred from curriculum
documents alone; it depends on whether assessment
and implementation structures support the
curriculum’s stated aims.

Scientific Literacy Depends on Pedagogical
Mediation and Resource Conditions

The studies show that scientific literacy depends on
the pedagogical tools and resource conditions that
mediate learners’ encounter with science. Where
material infrastructure is missing or pedagogical
tools are absent, even well-conceived inquiry-
based instruction cannot reach learners; where
these tools are available and used purposefully,
scientific reasoning takes on richer multimodal forms.
Vygotsky’s (1978) socio-cultural theory, extended by
Kress (2003) to multimodal literacy, offers vocabulary
for this pattern by treating learning as mediated
through cultural tools within social interaction.
Material constraints and pedagogical innovations
jointly determine which cultural tools are available
for scientific meaning-making.

Ekeh (2024) documents a stark resource gap in
early-grade Nigerian settings; the absence of audio-
visual aids, computers, and reliable power leaves
even a school library practically unusable, limiting

opportunities for scaffolded inquiry. By contrast,
Reyes and Villanueva (2024) show how learners link
abstract chemical principles to concrete mental
images, with enhanced conceptual retention when
narratives are coupled with concept mapping. Their
approach exemplifies Vygotsky’s (1978) account of
how signs and language support learning and creates
what Kress (2003) terms a multimodal combination
across linguistic and visual modes.

Allison and Goldston (2018) extend this
pattern by integrating multiliteracies into a fifth-
grade science unit that immerses students in
argumentation, modelling, and reflection, putting
into practice Vygotsky’s cultural-tools concept in a
contemporary classroom. Saraiva et al. (2025) carry
the argument into authentic field experiences: two-
week researchcentre internships in Portugal yielded
reported gains in students’ scientific knowledge
and 21st-century skills by positioning learners
alongside practising scientists, exemplifying the
zone of proximal development through expert-novice
collaboration in authentic scientific practice.

Together, these cases show resourceconstrained
environments that limit cognitive scaffolding,
through narrative and multimodal tools, to immersive
authentic experiences that expand developmental
potential.

However, the studies also show that these
innovations did not automatically produce sustained
inquiry. In Allison and Goldston’s study, full inquiry
was not observed, and in other cases, resource, time,
and teacher-capacity constraints limited enactment.
This tension suggests that mediational tools support
scientific literacy only when they are embedded in
sustained inquiry structures and feasible classroom
conditions. Taken together, these studies show
that scientific literacy requires access to tools,
representations, and learning environments through
which students can use science.

Scientific Literacy Depends on Teacher
Knowledge and Professional Capacity
Across the studies, scientific literacy depends on
teacher knowledge that operates at three connected
levels: epistemic conception of science, pedagogical
translation of scientific content, and adaptive
enactment for specific learners. Sophisticated
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knowledge at one level does not by itself produce
its enactment; teachers can hold informed epistemic
conceptions while lacking pedagogical translation
skills and can possess translation skills while failing to
enact them adaptively. Shulman’s (1986) pedagogical
content knowledge framework, supplemented by
Posner et al.’s (1982) account of conceptual change,
illuminates this layered structure by integrating
content understanding with the pedagogical
strategies that render subject matter learnable to
particular learners.

Ates, Lundqvist, and Almqvist (2025) report
that many pre-service elementary teachers in
Sweden enter their programmes with fact-centric
beliefs, equating scientific literacy with knowing
all the definitions, which makes them more likely
to use didactic instruction even when curricular
and infrastructural supports exist. This pattern
exemplifies the challenge identified by Posner et
al. (1982): existing conceptions about science form
cognitive frameworks that resist modification and
require deliberate intervention. Johansen and Afdal
(2018) show that when teacher education embeds
hypothesis-driven inquiry and argumentation tasks
within structured NOS activities, prospective teachers
develop a more nuanced understanding of science as a
socially constructed enterprise, building pedagogical
content knowledge in Shulman’s (1986) sense.

Reyes and Villanueva (2024) show that narrative-
pedagogy coaching enhances both teacher PCK and
student engagement. Their study demonstrates how
specific pedagogical approaches build integrated
content-pedagogical knowledge. Ozgiic and Cavkaytar
(2015) add an inclusive dimension. Teachers in Turkish
specialeducation settings require differentiation
techniques to support learners with intellectual
disabilities, an often-overlooked aspect of PCK. Taken
together, these studies suggest that teacher capacity
for scientific literacy education has three connected
layers. First, teachers need an informed conception
of science and scientific literacy; pre-service samples
in both the United States (Al Sultan, Henson, &
Lickteig, 2021) and Sweden (Ates et al., 2025) cluster
around fact-centric and transmission-oriented views
that initial coursework alone does not displace.
Second, teachers need to translate scientific content

into learnable forms; Johansen and Afdal (2018) show
this is often treated in teacher-education curricula as
separate from content knowledge, while Reyes and
Villanueva (2024) demonstrate it can be developed
through targeted coaching. Third, teachers need
to adapt instruction for particular learners and
classroom conditions; Ozgiic and Cavkaytar (2015)
identify this as a frequent gap even where the prior
two layers are present. The included studies suggest
that these layers develop independently rather
than sequentially: teachers can hold sophisticated
conceptions of science while lacking translation
skills, and can possess translation skills while failing
to enact them adaptively for diverse learners.
Professional development that addresses only one or
two layers may therefore produce partial PCK that is
not sustained in classroom practice. The implication
is that teacher education must support classroom
enactment, not only conceptual understanding of
scientific literacy.

Scientific Literacy Depends on Learner
Agency and Civic Opportunity

The studies show that scientific literacy depends on
opportunities for learners to engage with science
in civic, ethical, and community contexts. Learners
are positioned not as recipients of content but as
agents who interpret, evaluate, and act on scientific
claims. Roberts’ (2007) Vision Il positions scientific
literacy as the capacity to engage meaningfully with
science-related issues as a citizen, and Sjostrom and
Eilks’s (2018) Vision Il extends this toward critical
transformative engagement. Across the included
studies, civic-oriented scientific literacy appears
most clearly in environmental and disaster-related
contexts, where scientific learning is enacted through,
rather than merely about, socio-scientific challenges.
Tytler, Duggan, and Gott’s (2012) action-competence
framework and Sadler and Zeidler’s (2004) socio-
scientific issues (SSI) pedagogy provide vocabulary for
the pattern by placing ethical agency at the heart of
literacy.

Canlas and Karpudewan’s (2023) analysis of the
Philippine basic-education curriculum is illustrative:
integrating disaster-risk reduction themes positions
students as actors who use scientific knowledge
for community resilience, anchoring the action-
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competence Tytler et al. (2012) describe as
integrating knowledge, skills, and values in addressing
socio-scientific challenges. In Indonesia’s Adiwiyata
schools, Safrizal, Sudarmono, and Yulia (2022) report
that student-led composting and recycling projects,
supported by intergenerational partnerships, embed
environmental stewardship within scientific literacy.
This enacts Sadler and Zeidler’s (2004) SSI framework
and adds a socio-cultural layer suggesting that civic
scientific agency may develop through sustained
interaction with community knowledge systems.

Saraiva et al.’s (2025) two-week researchcentre
internships illustrate this pattern by placing learners
alongside practising scientists, with student logbooks
and oral presentations indicating shifts in how
participants spoke about themselves in relation
to scientific work. The small sample limits broader
generalisation, but the case is consistent with the
view that civic and scientific identities can develop
together when scientific practice is encountered
in authentic contexts. Across these studies, what
emerges is not a uniform progression toward Vision llI
scientific literacy (Sjostrom & Eilks, 2018) but a series
of contextual enactments that cluster, in Roberts’
(2007) typology, predominantly within Vision Il. The
studies do not provide strong evidence of Vision Il
scientific literacy enacted within formal curricular
and pedagogical structures. A more nuanced reading
is suggested by Guerrero and Torres-Olave’s (2022)
Chilean case, where students enacted critical scientific
agency during social-political mobilisations that took
place outside, and arguably against, the official
curriculum vision. This pattern raises a question that
the included studies alone cannot resolve. The rarity
of Vision Il in the synthesis may reflect a genuine
scarcity of critical transformative scientific agency
in educational practice, or such agency may tend to
emerge in spaces outside formal curriculum structures
that reviews of formal education are less likely to
capture. These findings suggest that civic scientific
literacy requires real opportunities for students to
use science in social and community contexts.

Three directions warrant further qualitative
inquiry. These include how SSI integration could be
developmentally scaffolded for younger learners,
how digital platforms might support participatory

action across hybrid contexts, and how inclusive
practices can ensure that opportunities for critical
socio-scientific agency are not concentrated among
already-advantaged learners.

Read together, the four themes describe not
parallel domains but a layered system: curriculum
framing (T1) constrains the cultural tools available
for mediated learning (T2); teacher conceptions
and pedagogical content knowledge (T3) condition
whether those tools are taken up; and learner agency
(T4) emerges where these conditions work together.
The Discussion that follows interprets this layering
and considers its implications for curriculum design,
teacher education, resource provision, and equity.

DiscussionN

A recurring pattern emerges across all four themes.
Scientific literacy is repeatedly stated at one level
of the educational system, such as curriculum text,
teacher knowledge, or institutional culture, and
undermined or unsupported at an adjacent level,
such as assessment regime, classroom enactment,
or learner opportunity. The central interpretive
contribution of this synthesis is to show that scientific
literacy depends on alignment across the educational
system. It cannot be located at any single level of
that system. Across the studies, scientific literacy
was not reducible to knowledge acquisition; it worked
across connected levels of educational practice,
linking epistemic reasoning, equitable access,
teacher capacity, and civic engagement. This section
discusses each theme in turn, situating findings from
the included studies within wider research to support
interpretation.

Curricular and Epistemological Framing

Curriculum documents shape what counts as science
knowledge and what teachers prioritise in their
teaching. Two recurring patterns emerge. In the Nordic
comparative review by Johansen and Afdal (2018)
and the Philippine disaster-preparedness analysis by
Canlas and Karpudewan (2023), explicit integration
of Nature of Science and action-competence goals
appears to support inquiry-based approaches and
promote socio-scientific engagement. In Xuan et al.’s
(2019) Chinese geography curricula, foregrounding
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data interpretation and STS linkages similarly enacts
a holistic epistemic frame. These findings support
Bernstein’s (2000) and Norris and Phillips’s (2003)
view that curriculum shapes what counts as valid
science knowledge, a pattern also visible in wider
research on NOS integration in inquiry-based learning
(Settlage & Williams, 2022) and equity-centred
curricular frameworks (Yosso, 2005).

Conversely, the included studies suggest that
the absence of explicit curricular guidance creates
predictable limitations. Guerrero and Torres-Olave
(2022) document how Chilean upper-secondary
curricula reflect neoliberal legacies that constrain
civic-oriented science teaching, and Johansen and
Afdal (2018) note that even progressive Nordic
curricula can privilege traditional content at the
expense of inquiry. This pattern echoes wider
research on the difficulties inquiry-based learning
faces without adequate NOS training (Deak, Kumar,
Szabo, Nagy, & Szentesi, 2021) and on the role of
culturally sustaining pedagogy in connecting science
with civic life (Paris & Alim, 2014).

Pedagogical Mediation and Resource
Conditions

Pedagogical innovation and material conditions
together shape scientific learning. Ekeh’s (2024)
Nigerian study shows that the absence of basic
infrastructure, such as audio-visual aids, computers,
and reliable power, restricted opportunities for
scaffolded inquiry. Reyes and Villanueva’s (2024)
narrative vignettes and Allison and Goldston’s (2018)
multiliteracies, by contrast, show how comparatively
low-cost mediational tools (such as narratives,
concept maps, and multimodal materials) can enable
substantive scientific meaning-making. Saraiva et al.
(2025) extend this to high-resource conditions, where
two-week researchcentre internships position learners
alongside practising scientists in sustained authentic
engagement. These cases echo wider research
showing that structured pedagogical frameworks and
collaborative cultures can compensate for material
constraints (Parejo, Dominguez, Antequera, & Ocafa-
Fernandez, 2022) and that effective technology
integration depends on alignment with teaching goals
rather than substitution alone (Wang, 2022).Work

on children’s use of media as a science information
source points to a similar dependence on accessibility,
content quality, and presentation (Gelmez Burakgazi
& Yildirim, 2014).

Teacher Knowledge and Professional
Capacity

Turning well-designed policy into effective classroom
practice depends on teachers’ epistemic beliefs and
pedagogical content knowledge. Two convergent
findings emerge. Across distinct national contexts
(Al Sultan et al., 2021, in the United States; Ates et
al., 2025, in Sweden), pre-service elementary and
primary teachers entered their programmes with
fact-centric conceptions of scientific literacy that
direct instruction alone did not displace. Johansen
and Afdal (2018) and Reyes and Villanueva (2024)
showed by contrast that structured exposure to
inquiry, argumentation, and narrative pedagogy
produced more nuanced understandings. These
patterns across the studies extend Posner et al.’s
(1982) account of conceptual change and Shulman’s
(1986) PCK framework. This pattern is consistent
with wider research on pre-service teachers’ limited
preparation for inquiry-oriented teaching and socio-
scientific issues (Forbes & Davis, 2010; Kinskey &
Zeidler, 2024).

Within the included studies, Ozgiic and
Cavkaytar (2015) add that teachers in special-
education contexts require specific differentiation
and adaptation techniques to support learners with
intellectual disabilities, identifying an inclusive
dimension of PCK that conventional programmes
rarely address. Read with the inquiry-oriented
findings above, these findings suggest that pre-service
preparation should embed hypothesis-driven inquiry,
structured argumentation, and narrative-pedagogy
coaching, with explicit attention to differentiation.
This orientation is supported in wider research on
guided inquiry methodologies (Lazonder & Harmsen,
2016) and on the value of sustained, collaborative
professional development over one-off workshops
(Voogt, Pieters, & Handelzalts, 2016).

Learner Agency and Civic Opportunity
When curriculum framing, institutional resources,
and teacher pedagogical content knowledge come
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together, learners can shift from passive recipients
of knowledge toward more active intellectual and
civic agents. Three illustrations stand out. Canlas and
Karpudewan (2023) show how disaster-risk reduction
in the Philippine basic-education curriculum positions
students as community-resilience actors. Safrizal
et al. (2022) describe Adiwiyata schools where
student-led composting and recycling operate within
intergenerational community partnerships. Saraiva
et al. (2025) document identity shifts through
sustained contact with practising scientists. Read
together, these cases extend Sadler and Zeidler’s
(2004) SSI framework and Tytler et al.’s (2012)
action-competence model, indicating that civic
and scientific identities can develop together when
scientific practice is encountered in authentic social
contexts. This pattern is echoed in wider research on
youth participatory action research (Howell, 2023)
and on SSlI-focused pedagogy as a route to critical
thinking (Dusturi, Nurohman, & Wilujeng, 2024).

Science communication appears as a possible
implication rather than a fully developed theme. Two
included studies offer suggestive but limited evidence
on the co-development of communicative practice
and scientific literacy in civic contexts: Reyes and
Villanueva’s (2024) chemistry students producing
evidence-based narratives for  non-specialist
audiences, and Safrizal et al.’s (2022) community-
facing environmental projects in which students
articulate findings to local audiences. Wider work
on the social dynamics of science communication
(Hottecke & Allchin, 2020; Osborne et al., 2023)
suggests this connection deserves dedicated future
synthesis.

Cross-Theme Synthesis: Scientific Literacy
Across the Included Studies

Read across themes, the synthesis vyields five
interrelated findings about scientific literacy. These
findings emerge from recurring patterns across the
studies and represent the synthesis-level claims the
analysis can sustain.

The first finding is that curriculum aims and
classroom practice are often misaligned. Across these
studies, scientific literacy is frequently supported at
one level of an educational system while undermined

at an adjacent level. In the strongest cases, the
stated aim of scientific literacy is weakened by the
systems meant to support it. The most consequential
form of this contradiction concerns assessment:
where curricular declaration and assessment regime
diverge, the assessment regime tends to determine
what students actually develop. Guerrero and Torres-
Olave (2022) describe Chilean policies that are
officially non-prescriptive. In practice, they are tightly
connected to outcome-based accountability that acts
as a hidden requirement. Xuan et al. (2019) document
a teacher reporting that paper-map reading is taught
primarily because it is examined, even though it
lacks real-world utility. Johansen and Afdal (2018)
describe a Norwegian teacher-education curriculum
that puts into practice one vision while the school
curriculum it prepares teachers for declares another.
The implication is that scientific literacy cannot be
located at any single level of an educational system;
it is shaped by the alignments and contradictions
between levels. Therefore, scientific literacy reform
should be evaluated not only through curriculum
texts but also through assessment, accountability,
and implementation structures.

The second finding is that teacher knowledge of
scientific literacy is necessary but not sufficient. Even
sophisticated teacher knowledge does not, by itself,
produce scientific literacy in classrooms. Al Sultan et
al. (2021) state directly that conceptual understanding
does not automatically result in classroom practice.
Ozglic and Cavkaytar (2015) document special-
education teachers who knew how to individualise
instruction but did not enact this knowledge in
students’ individualised education plans. Xuan et al.
(2019) report a teacher acknowledging confidence
gaps in inquiry evaluation despite content mastery.
The implication is that scientific literacy requires
teacher knowledge to be supported by classroom
conditions, curricular permission, and adequate time
and resources. This means that teacher education
must support classroom enactment, not only
conceptual understanding.

The third finding is that scientific literacy emerges
where multiple system conditions converge around a
shared educational purpose. Where scientific literacy
is enacted strongly in the included studies, multiple
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levels of the educational system are aligned. Safrizal
et al. (2022) describe Indonesian Adiwiyata schools

where institutional academic culture, teacher
facilitation, material environment, and reward
structures all support environmental scientific

literacy as civic habituation. Saraiva et al. (2025)
describe Portuguese students developing scientific
identity through alighment between researchcentre
placement, mentor mediation, and disciplinary
community participation. Canlas and Karpudewan
(2023) identify multi-factorial conditions, including
curriculum integration, teacher capacity, and
community partnership, as enabling conditions
for civic-scientific learning. The implication is
that scientific literacy is not the product of any
single intervention but of alignment across system
conditions. Accordingly, single-level interventions are
unlikely to be sufficient on their own.
Thefourthfindingisthat thecritical transformative
dimension of scientific literacy, Sjostrom and Eilks’s
Vision Ill, is weakly and unevenly supported within the
formal curricular and teacher-education structures
examined in the included studies. Ates et al. (2025)
report pre-service teachers who had never thought
about what science is or what science education
is for, with civic and global-citizenship objectives
absent from their projected teaching. Al Sultan et
al. (2021) find argumentation-based components
addressed by none of the participants. Johansen and
Afdal (2018) find Vision Ill in the Norwegian school
science curriculum but absent from the teacher-
education curriculum that prepares teachers for it.
Guerrero and Torres-Olave (2022) note that Chilean
students enacted critical scientific agency through
social-political mobilisations that took place outside,
and arguably against, the official curriculum vision.
The rarity of Vision Ill in this set of studies may reflect
a genuine scarcity of critical transformative scientific
agency in educational practice, or such agency may
tend to emerge in spaces outside formal curriculum
structures that reviews of formal education are less
likely to capture. This means that Vision lll requires
institutional support rather than rhetorical inclusion.
The fifth finding is that scientific literacy appears
in these studies as a relational achievement rather
than simply as an individual cognitive outcome.

Allison and Goldston’s (2018) findings show that
scientific literacy develops through multimodal tools,
collaboration, and classroom discourse. Similarly,
Saraiva et al. (2025) and Safrizal et al. (2022) suggest
that scientific literacy emerges through participation
in communities and institutional cultures, not only
through individual student gains. This relational
reading is consistent with accounts that locate
scientific literacy in collective practice rather than
in individual cognition (Feinstein, 2011; Roth & Lee,
2002). This implies that scientific literacy should
not be measured or taught by focusing on individual
students alone. Instead, assessments of scientific
literacy should also consider the system conditions
that enable or constrain students’ participation and
learning.

Scientific Literacy as a System Dependent
Capacity
The five findings above converge on a conception
of scientific literacy that this synthesis offers as its
principal conceptual contribution. The synthesis
offers the following working conception: scientific
literacy is a learner’s capacity to interpret, evaluate,
communicate, and use science-related knowledge.
This capacity is enabled or constrained by the
alignment of curriculum, assessment, pedagogy,
teacher preparation, resources, school culture, and
civic opportunity. In this sense, scientific literacy is
not only a property of the individual learner; it also
depends on the conditions that make such learning
possible. Across the studies, scientific literacy
emerges where four conditions hold together:
curricular framing that clearly states what counts
as scientific knowledge and inquiry; pedagogical
mediation supported by adequate material and
human resources; teacher knowledge that integrates
epistemic conception, pedagogical translation, and
adaptive enactment; and learner opportunity that
includes civic, ethical, and community engagement.
Scientific literacy fails to emerge when these four
conditions operate under contradictory commitments
or when one or more is absent.

This conception extends rather than replaces
existing accounts of scientific literacy. Where Roberts
(2007) asks what visions of scientific literacy a
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curriculum can pursue, Norris and Phillips (2003) ask
in what sense scientific literacy is a literacy at all,
Sjostrom and Eilks (2018) ask how scientific literacy
can be politically transformative, and McComas et al.
(1998) and the body of work building on it ask how
an informed view of the nature of science underpins
scientific literacy, the present synthesis asks under
what conditions scientific literacy emerges and is
sustained. Feinstein (2011) raises a related question,
asking when and how science becomes useful in daily
life.These traditions describe what scientific literacy
is. The present synthesis describes the conditions
under which it can develop and be sustained.

The system dependent conception has practical
implications. It suggests that interventions targeting
any single level of the educational system in isolation
are unlikely to produce scientifically literate learners
at scale. Curricular reform without corresponding
assessment  alignment, teacher  professional
development without classroom-level support, or
learner-agency initiatives without institutional
opportunity will each tend to fall short. Conversely,
the synthesis suggests that scientific literacy can
emerge in resource-constrained settings where
multiple system conditions work together around a
shared purpose, as Safrizal et al. (2022) document
for Indonesian Adiwiyata schools and Canlas and
Karpudewan (2023) suggest for the Philippine basic-
education curriculum.

The system dependent conception does not
preclude attention to individual learner outcomes,
which remain important for many educational and
research purposes. It does, however, reframe what
is being assessed. Where individual scientific literacy
is the object of inquiry, the conditions that enable
it are shaped by the educational system and should
therefore be made visible. Assessment frameworks
designed only at the level of the individual learner,
without attention to the system conditions that
shape their development, may misattribute system
conditions to individual capacity or deficit. The
synthesis suggests that scientific literacy education
would benefit from frameworks that make these
system conditions visible.

Taken together, the findings sketch the shape
of scientific literacy across the twelve studies.

The meanings of scientific literacy that emerge range
from content knowledge and epistemic reasoning to
civic participation and system dependent capacity.
The conditions shaping its enactment are curriculum-
assessment alignment, teacher knowledge and
professional capacity, resource conditions, and
learner opportunity. Variation across contexts lies not
in a single universal definition of scientific literacy,
but in which condition becomes most urgent in each
educational setting: curriculum-assessment alighment
in upper-secondary policy contexts, resource
conditions in severely under-resourced settings,
teacher preparation in pre-service contexts, and civic
opportunity in environmental and community-facing
programmes.

IMPLICATIONS AND CONCLUSIONS

The system dependent conception of scientific literacy
has practical implications for educational design
across four interrelated dimensions: educational
stage, teacher education, resource conditions, and
regional or policy context. The studies cover a range
of educational levels and contexts detailed in Table
3. Because several areas are represented by single
studies, the implications offered here should be read
as analytic suggestions for further inquiry rather than
as prescriptive recommendations.

Educational stage shapes how scientific literacy
can be supported within these studies. The primary
cases point to the value of multimodal mediation
and school-level environmental cultures (Allison &
Goldston, 2018; Safrizal et al., 2022); Ekeh’s (2024)
Nigerian case suggests that basic infrastructure may
be a precondition for meaningful participation. The
lower-secondary cases (Saraiva et al., 2025; Xuan et
al., 2019) point to a balance between disciplinary
mastery and civic engagement supported by Nature
of Science scaffolding. The upper-secondary cases
(Guerrero & Torres-Olave, 2022; Johansen & Afdal,
2018) show the strongest tensions around curriculum
policy and assessment.

Teacher education is a second key site. The
pre-service studies (Al Sultan et al., 2021; Ates et
al., 2025; Ozgiic & Cavkaytar, 2015) suggest that
scientific literacy cannot be developed through
content coverage alone; programmes need to address
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epistemic views of science, translation of content
into learnable forms, and adaptation for diverse
learners. At the undergraduate level, narrative and
visual cognition strategies (Reyes & Villanueva,
2024) suggest that scientific literacy can also be
strengthened within discipline-based courses without
whole-curriculum redesign.

Resource conditions are a third dimension.
Saraiva et al.’s (2025) researchcentre case shows
how well-resourced settings can support scientific
literacy through authentic contact with practising
scientists, while Ekeh’s (2024) Nigerian case
suggests that severely under-resourced settings
may need basic infrastructure addressed before
pedagogical innovation can become sustainable.
Ozglic and Cavkaytar’s (2015) special education
case adds a further layer, requiring specific support
for differentiated instruction. The Adiwiyata case
(Safrizal et al., 2022) suggests that school cultures and
community partnerships can support scientific literacy
without relying solely on high-cost interventions.

Regional and policy contexts also shape the
available routes for scientific literacy reform.
Disaster risk reduction provides a meaningful anchor
for socio-scientific learning in the Philippine case
(Canlas & Karpudewan, 2023), while curriculum-
assessment tensions are central in the Chilean case
(Guerrero & Torres-Olave, 2022). The Nordic cases
highlight the need for coherence between teacher
education and school curricula (Ates et al., 2025;
Johansen & Afdal, 2018). Other cases point to more
context-specific routes: geography curricula in China
and differentiation policies in Turkiye both show how
scientific literacy reform may need to work through
existing subject or learner-support structures (Ozgiic
& Cavkaytar, 2015; Xuan et al., 2019).

These implications suggest that scientific literacy
reform should not follow a single implementation
model. Priorities differ across contexts: curriculum
coherence in one, teacher preparation in another,
infrastructure in a third, inclusive pedagogy or civic
engagement in others.

The synthesis suggests specific priorities for
different educational stakeholders. For curriculum
designers, this means scientific literacy can be
supported by aligning curriculum statements with

assessment frameworks, making civic and inquiry
dimensions explicit rather than implicit, and avoiding
the treatment of scientific literacy as content mastery
alone. For teacher educators, the key implication is
the importance of addressing pre-service teachers’
own conceptions of science and scientific literacy,
providing structured practice in translating scientific
content into inquiry and socio-scientific tasks, and
including adaptive teaching for diverse learners
as a core PCK component rather than an optional
supplement.

For schools and policy makers, the priority is that
resource provision is part of scientific literacy policy
rather than separate from it, and that institutional
cultures supporting students’ use of science in
real contexts are at least as important as formal
curriculum statements. For researchers, future
work could prioritise studies that bring multiple
system levels into a single analytic frame and that
avoid measuring individual scientific literacy without
documenting the conditions that enable or constrain
it. Implementation across all four audiences needs
to be adapted to educational stage, school type,
resource context, and regional policy conditions
rather than a single approach.

The implications above should be read in light
of the review’s English-language scope, database
selection, focused set of included studies, and
reliance on supervisory rather than formal dual-coder
procedures. Further research could examine how
scientific literacy develops across longer educational
trajectories and how curriculum, pedagogy,
assessment, and teacher education interact over
time. Comparative studies might clarify how national
curriculum traditions and regional policy histories
shape the meanings attached to scientific literacy.
Future syntheses would benefit from multilingual
literature, indigenous education perspectives, and
macro-level stakeholder voices. Empirical work could
also examine science communication as a practice
through which learners participate in public science
discourse, a connection the present synthesis only
suggests.

Read together, the synthesis suggests that
scientific literacy is best understood as a capacity
shaped by alignment among curriculum, pedagogy,
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teacher preparation, and learner opportunity. For
practitioners, this means that strengthening one level
of the educational system without attending to its
alignment with others is unlikely to produce robust
scientific literacy at scale. For researchers, it means
that future qualitative studies may benefit from
designs that examine several system levels together.
For policy makers, assessment and accountability
systems partly determine what schools recognise as
scientific literacy. The contribution of this synthesis
is to show that scientific literacy depends not only
on what learners know, but on whether educational
systems give them coherent opportunities to use
science.
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