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Abstract

Wicked problems have been characterised by their high epistemological and axiological
complexities. These are the kinds of problems that may invade our classrooms because
many of them concern many stakeholders, including our students. Several approaches have
been developed to address wicked problems in various contexts. However, little is known
about how they may translate into educational research and practice. This paper proposes a
conceptual framework in which wicked problems are analysed from their ontological, epis-
temological, and ethical commitments. Subsequently, they are framed within post-normal
science, drawing on critical discourse in science studies and science education. Chief to the
arguments is a focus on epistemic practices that are strongly anchored in but also extend
from disciplinary science and engineering education. Implications for research and practice
in higher science education are presented.

Keywords Wicked problems - Post-normal science - Epistemic practices - Higher science
education

1 Introduction

Over the past few years, the Covid-19 pandemic has presented us with a paradox. On the
one hand, scientific progress related to epidemiology, immunology, and vaccine research
offered real solutions and knowledge-in-the-making. On the other hand, apprehension
and distrust towards science jeopardised the efforts to contain the spread of the mutat-
ing virus. Polarising views and attitudes occupied daily debates in person and on social
media. Emerging public policies aimed at addressing the COVID-19 pandemic were a mat-
ter of life and death, but different beliefs and understandings of the issue impeded effec-
tive interventions. Uncoordinated efforts to address them were doomed to fail. Conversely,
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Fig. 1 Complexity and interconnectedness of the COVID-19 pandemic (Sahin et al., 2020)

coordination among many stakeholders was extremely difficult due to conflicting values
and interests.

To illustrate, a few months into the pandemic, Sahin and colleagues (2020) map the
complexity of this phenomenon, whereby intricate causal loops between various ele-
ments within and across health, social, economic, and environment systems complicated
public policy interventions, as shown in Fig. 1. In this diagram, cause-and-effect links
were identified through expert reviews of various governments’ responses to the pan-
demic, supported by geographical data. At the centre, policy interventions aimed to miti-
gate the crisis had implications that transcended systems boundaries and necessitated
trade-offs between the systems. For instance, they exerted influence on trust in govern-
ments and scientific input that fed into these interventions. Positive gain in trust in the
system enhanced the effectiveness of health crisis management. However, lack thereof
may have caused the spread of misinformation and fake news. The feedback loops
between trust and misinformation represent two-way relationships between actions and
consequences, which complicated the issues and led to a near-collapse effect in several
countries (Sahin et al., 2020).

The abovementioned preliminary work situates several crucial aspects related to science
literacy and science education, such as misinformation, trust, and awareness, in the broader
context of interconnectedness and mess. Indicated in the diagram, awareness campaign poli-
cies were subjected to “post-truth™ attacks, fuelled by various political, religious, and con-
spiracy theory agendas (Chinn et al., 2021; Kienhues et al., 2020). Amidst panic and fear, we
observed how some of us resorted to emotions and gut feelings in deciding whether to fol-
low regulations or not, or if any of them made sense at all. With so many contradictory find-
ings (Briz-Redon & Serrano-Aroca, 2020), often worsened by different interpretations, schol-
ars were concerned about science being undermined and deemed not trustworthy (Erduran,
2022; Kreps & Kriner, 2020; Sturgis et al., 2021). Recent work in this area shows that such a
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contradiction arises from the uncertainties and negotiations of scientific knowledge (Kienhues
et al., 2020). To the informed scientific communities, this is regarded as a part of the normal
dynamic of knowledge development in science, but to the lay public, this may look as if scien-
tific knowledge was unreliable. Even worse, post-truthers exploit these “gateways” to advance
their agenda. During the pandemic, this was worrying as efforts to develop vaccines began to
deliver promising results.

Notwithstanding the perceived novelty of distrust in science and urgency regarding effec-
tive public policy issues, this was not a recent phenomenon. Laypeople’s hesitancy towards
science has been accompanying debates on climate change for decades. To date, lack of
response to and downright inaction against the looming environmental catastrophe exist not
only on an individual level but more pressingly are also institutional. Numerous explanations
and arguments have been presented as to why this is the case, but science education is almost
certainly playing a pivotal role in basic science literacy related to these real, complex issues
(Erduran, 2021; National Academies of Sciences, 2021). As the degree of complexity of the
aforementioned problems increased, they have been conceptualised as “wicked problems”
(Kawa et al., 2021; Lonngren & van Poeck, 2021), and as such, problematised science and sci-
ence education that typically operate within the context of “tame problems” (Schiefloe, 2021).

Given the reality of widespread misunderstanding and disinformation concerning wicked
problems, scholars assert that STEM education must help equip individuals with the knowl-
edge, skills, attitudes, and values needed to navigate such complexity (Gattie et al., 2011; Jones,
2020; Osborne & Pimentel, 2022). One way of helping “competent outsiders” to evaluate
scientific information is by adopting a heuristic to accept or reject consensus, through which
evidence for credibility and evidence for expertise are weighed (Osborne & Pimentel, 2022).
Others highlight the potential role of philosophy of science and engineering in teaching for
understanding how science and engineering work (Barak et al., 2022; Cunningham & Kelly,
2017; Erduran, 2020; Matthews, 2018). Recent studies in higher education suggest that wicked
problem solving entails working within and across disciplines (both sciences and non-science),
coming to terms with the complexity and messiness, and engaging diverse stakeholder perspec-
tives (Kate et al., 2019; McCune et al., 2021). However, it is still unclear whether, and how,
discipline-based higher science education has been playing a role and, indeed, could be empow-
ered to help faculty address wicked problems in their teaching practice.

In this paper, I propose a conceptual framework for teaching science using wicked prob-
lems as an integral part of university science curricula, by focussing on the importance of
understanding different ways of knowing and striving towards an open transdisciplinary
inquiry (Brown, 2010). The framework incorporates an analysis of wicked problems from
their ontological, epistemological, and ethical commitments, employing ideas from philoso-
phy of science. The notion “post-normal science” will then be used to frame wicked problems
in the critical discourse of Kuhnian philosophy. Subsequently, I will argue for a focus on epis-
temic practices that move beyond disciplinary science. With higher science education in mind,
I will propose relevant methodological and pedagogical implications.

2 Conceptual Framework
2.1 Wicked Problems

The concept “wicked problems” has been used in various research fields since it was
coined back in the 1970s, but the literature is dispersed among a variety of disciplines
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regarding its theoretical underpinnings, epistemological assumptions, rhetorical functions,
and uses (Lonngren & van Poeck, 2021; Rittel & Webber, 1973). Likewise, the ontology
of wicked problems has also been debated, from how they are defined to how they should
be addressed in various contexts (Adam, 2016; Head, 2022; Tsey, 2019). The “wicked”
characteristic is essentially attributed to the ill-formulated nature of the problems, exac-
erbated by conflicting findings and perspectives, which often lead to controversy, confu-
sion, and messy solutions. Scholars have been critical of its utility for research, but at least
in the context of climate change and the recent pandemic, the “wicked problem” fram-
ing has heightened the stakes and complexity of the issue, rendering attempts to address it
problematic, because it entails many different stakeholders with opposing values and inter-
ests. The science underpinning wicked problems is rarely monopolised by a single disci-
pline. Truly, it may be naive to assume that wicked problems dwell primarily in any or all
of natural sciences. Consider, for instance, a range of wicked problems such as poverty,
energy and water demand, migration, and global health. The longstanding debates and con-
troversies surrounding them demonstrate how science, politics, social policies, economic
inequality, access to reliable information, and geographical positions are deeply entangled.

The adoption of the concept “wicked problems” to address highly complex societal
issues is of course a matter of theoretical framing. Related notions such as “hyper-complex
problems” (O’Brien, 2013; Serugendo et al., 2014), “risk society” (Ericson & Haggerty,
1997; Pietrocola et al., 2021), and “socioscientific issues” (Baytelman et al., 2020; Zei-
dler & Sadler, 2023) have been conceptualised. Indeed, the concept “socioscientific issues”
(SSI) has been used in science education to describe problematic intertwine between sci-
ence and society (Zeidler & Sadler, 2023), also in the same context with wicked problems
(Pietrocola et al., 2021; Sadler et al., 2017; Shasha-Sharf & Tal, 2021). While these dif-
ferent lines of scholarship may have their own conceptualisation and empirical substantia-
tion, they serve the same ideals of meaningfully engaging with societal problems in which
science plays a significant role. What Zeidler and Sadler (2023) conceptualise as “evidence
for cognitive and moral dissonance” embedded in SSI has been discussed in wicked prob-
lems literature as well (Adam, 2016; Carter, 2011; Rittel & Webber, 1973; Tromp, 2018).
That said, wicked problems are broader than SSI, as they encompass a wider range of com-
plex and multi-faceted problems beyond the specific intersection between scientific and
social considerations that usually characterises SSI (See also, Cook, 2015; Murakami et al.,
2017).

Due to their high complexity, wicked problems pose unprecedented epistemological
challenges. In terms of knowledge generation, it is difficult to produce reliable knowledge
because of conflicting perspectives. Expert and specialised knowledge, which is tradition-
ally revered in its own domain, such as science, is no longer seen as the only authority
(Kate et al., 2019). No matter how robust and established, it often represents only part
of the story, as it is juxtaposed against community, organisational, and individual episte-
mologies (Brown, 2010). As such, it is more relevant than ever to acknowledge partial-
ity, plurality, and provisionality of knowledge (Feyerabend, 1999; Foucault, 2002; Popper,
2005; Russell, 2010). However, as previously described, this epistemic limitation of sci-
ence has been exploited by harmful post-truth agenda, particularly since the massive influ-
ence of social media and content creation platforms (Mackey, 2019; Moravcikova, 2020).
More than ever, we need to educate for a nuanced understanding of how knowledge is con-
structed, negotiated, and evaluated. This is already a challenge that university science and
engineering education is yet to meet, and the stakes are even higher when the said knowl-
edge constitutes wicked problems.
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Teaching knowledge related to wicked problems is equally challenging. As with any sci-
ence teaching that incorporates a problem to solve or a case to investigate, traditional peda-
gogy centred on knowledge transfer is not suitable for wicked problems. Scholars in the
field emphasise the importance of reconciliation of opposites (Adam, 2016), open and crit-
ical transdisciplinary inquiry (Brown, 2010; Colucci-Gray et al., 2013), and holistic think-
ing (Lehtonen et al., 2019). While variations of some of these approaches have been used
in disciplinary science, such as systems thinking in chemistry education (Mahaffy et al.,
2018) and socioscientific teaching in biology education (Tidemand & Nielsen, 2017), there
is a large scope for designing and developing pedagogical devices that embrace, rather
than ignore, the epistemic complexity of wicked problems. Previous works point to the
importance of collaborative inquiry, transdisciplinarity, and knowledge integration. How
this may manifest in the context of higher science education is, however, still unclear and
underresearched.

Ramification of wicked problems across various layers of socio-economic structures,
political ideologies, and planetary sub-systems such as the food-water-energy nexus
(Tromp, 2018) also create ethical dilemmas. When addressing a wicked problem, what is
the right and ethical course of action to take when there are conflicting values between
local communities and government organisations, or between science and individuals? In
a context where indigenous communities are faced with big corporations, how can power
imbalances (ever) lead to equitable solutions? What about intergenerational equity associ-
ated with long-term consequences of climate change? Who is responsible for the future?
These are some of the biggest ethical challenges that require accountability, justice, trans-
parency, and continual critical reflections. The problem remains: How do we address this
in our science teaching?

Wicked problems are not constitutive of a singular domain or discipline. It has been
argued that “science alone cannot deal with wicked problems” (Turnpenny et al., 2011, p.
299). Similar argument for addressing harmful post-truth agenda has also been proposed
(Kienhues et al., 2020). Essentially, a balancing mechanism is required to establish the
epistemic authority of science, particularly regarding knowledge for which scientific evi-
dence is overwhelming, while also engaging productively with the notions of values, eth-
ics, and social nature of knowledge construction. Inquiries on wicked problems in practice
often involve theoretical and methodological framing within social sciences and humani-
ties, but for the purpose of this paper, they will be framed primarily within science studies
and science education, as the following section illustrates.

2.2 Post-Normal Science

Following Kuhn’s influential work, The Structure of Scientific Revolutions (Kuhn, 1962),
scientists and philosophers of science were drawn to revisit scientific practices and ways
in which scientific knowledge was created and evaluated. Kuhn’s notion of scientific para-
digms and paradigm shift challenged the dominant view of science in the mid-twentieth
century as a unified and rational enterprise. Kuhn conceptualised the everyday working of
science within these paradigms as “normal science”. In science education, it also propelled
research programmes in the nature of science, spearheaded among others by the National
Science Foundation (Agustian, 2019). However, critics also came from within philosophy
of science, particularly regarding his notion of incommensurability (Feyerabend, 1999;
Laudan, 1996) and discontinuity of theory development, which was marked by scientific
revolutions in a Kuhnian term (Lakatos, 1978). In his critique on scientific theories and
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methodologies, Laudan (1996) maintains that the Kuhnian concept of incommensurabil-
ity, which refers to the supposed inability of advocates of rival theories to understand each
other, leads to epistemic relativism. While most philosophers of science may be past the
obsolete positivist paradigm, he argues that post-positivists are potentially guilty of either
relativist ambiguity, naive acceptance, or blind scepticism. It is thus possible, and even
desirable in the context of highly complex and ambiguous problems, to demonstrate that
certain methods are better than the others. Likewise, Lakatos (1978) argues that Kuhnian
idea of irrational paradigmatic change that marks his notion of scientific revolution could
also mean that “there is no explicit demarcation between science and pseudoscience, no
distinction between scientific progress and intellectual decay, [and] there is no objective
standard of honesty” (p. 4). Such an ontological position is of course not very productive
for addressing wicked problems, combating post-truthism, or engaging with controversial
socioscientific issues.

To this arsenal of philosophical critique, sociology and anthropology of science also
added counterarguments and a more humanist view of science (Knorr-Cetina, 1991; Latour
& Woolgar, 1986). In her extended ethnographic work on particle physics and molecular
biology research groups, Knorr-Cetina (1999) describes how scientists establish cultural
practices, through which they create and warrant knowledge. These epistemic cultures,
she argues, are a structural feature in a transition of contemporary societies to knowledge
societies. Sociological accounts of these cultures show that they are diverse among natu-
ral sciences, as opposed to a Kuhnian idea of scientific communities being homogeneous
and isolated from external sociopolitical factors. Disunity of science therefore represents
a different perspective from a consensus view early scholars in the nature of science aim
to substantiate (e.g., Klopfer & Cooley, 1963; Lederman, 1992; Mackay, 1971; McComas
et al., 1998).

In the 1980s, Ravetz’s critique of Kuhn problematised the core of science epistemol-
ogy, as he argued that a Kuhnian view of science was essentially anticritical, even though
it was often portrayed as centred on rigorous peer review (Ravetz, 1986). In such a myopic
view, scientific knowledge was derived from accumulation of hard facts, which fell short
of its promises when faced with environmental problems. Likewise, engineering practices
pertaining to solving design problems also showed inadequacy when faced with protec-
tive legislation and ethical constraints. Grounded in a large-scale project on sustainable
development, his arguments substantiated how a reductionist view of normal science was
no longer relevant for addressing complex problems, both in professional and educational
practices.

Confounding quandary of highly complex environmental problems has been char-
acterised as pertaining to “post-normal science” (Funtowicz & Ravetz, 1993, 2018).
Post-normal science (PNS) refers to a new epoch but also a different form of science.
As a new epoch, it represents a temporal notion of an age in which many systemic and
environmental problems are caused by human. In this regard, PNS is closely related to
the concept of “anthropocene”, which is more than just a geological marker, but is also
an age where the natural sciences, social sciences, and the wider public are brought into
a conversation with each other (Reichel & Perey, 2018). As a temporal notion, post-
normal science is characterised by paradoxes of progress and regress, as described in
the opening paragraph of this paper. Harmful agendas in which facts are used to desta-
bilise political discourse, conceptualised as “post-truth” agendas, are also more palpa-
ble, largely thanks to the massive influence of social media (Farrell, 2020). As a form
of science, PNS is distinguished from core science, applied science, and professional
consultancy.
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PNS is useful to frame meaningful discussions on wicked problems in at least two
ways. First, it moves beyond the Kuhnian notion of normal science, where science is
characterised by heavy reliance on technical work and puzzle-solving approach to prob-
lems. As argued previously, while some of these characteristics may still be relevant,
they are far from adequate to understand the far-reaching implications and complica-
tions of wicked problems. Second, it frames both epistemic and axiological positions of
science in an interplay, which is represented by systems uncertainty and decision stakes,
respectively (see Fig. 2, henceforth referred to as PNS diagram).

The PNS diagram is rooted in a notational system for the management and communi-
cation of uncertainty in science for policy, proposed by Funtowicz and Ravetz (1990b),
in which risk analysis, such as in the context of Three Mile Island nuclear power plant
accident of 1979, was quantified (Funtowicz & Ravetz, 2018). It characterises different
forms of science according to increasing systems uncertainty and decision stakes, as
core science (represented by the intersection between both axes) expands in scope and
complexity when it is applied and engages more stakeholders. With regard to the Kuh-
nian notion of normal science, it is argued that “if normal science typically occurs in
university laboratories and is curiosity-driven, other forms of science connect it to the
wider world in different ways” (Funtowicz & Ravetz, 2018, p. 443). As a concept, PNS
highlights the centrality of uncertainty in understanding science epistemology, and by
epistemology, I refer to its definition as theory of knowledge and one’s construction of
knowledge. The former is a formal association of the term as discussed in philosophy,
whereas the latter represents how several science education scholars have used the term,
such as “personal epistemology” (Elby et al., 2016; Yang & Tsai, 2012) and “practi-
cal epistemology” (Maeng, 2021; Sandoval, 2005). PNS diagram also entails axiology,
which refers to the role of values tied to different societal and environmental stakes
when making decisions based on scientific knowledge. The interplay between knowl-
edge and values means that inquiries in these different forms of science should address
not only the quality of knowledge but also whether it is important to engage now or
later. As such, decision stakes in the diagram bring the notions of urgency and priority
into the equation.

The notion of epistemic uncertainty has been discussed in the literature of philosophy of
science (e.g., Boyd et al., 1991; Renn, 2020) and science education (e.g., Chen, 2022; Chen
& Techawitthayachinda, 2021), but even more prominent in the literature on environmental
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studies and wicked problems (Alford & Head, 2017; Castree et al., 2018; Head, 2022; Lid-
skog & Lofmarck, 2015). An argument for focussing on uncertainty is that science should
play a more proficient role in managing uncertainties, either in terms of knowledge gener-
ated through scientific research or behaviour of related stakeholders (Funtowicz & Ravetz,
1993). In science education with epistemic orientation, managing epistemic uncertainty is
also high on the agenda. For instance, Chen (2022) proposes strategies that teachers can
use, including critiquing and decomposing student epistemic uncertainty through argumen-
tative practices to find possible solutions. This is an example of a purposeful investigation
in a primary school context and, as such, is constrained within a tame problem of model-
ling. The arguments presented in the present paper suggest that when dealing with wicked
problems, particularly in higher science education context, all of the variables such as epis-
temic uncertainty, decision stakes, urgency, and unpredictability will be more complex.

Research on wicked problems demonstrates how values and ethics are inherent in prob-
lem solving strategies (Balint et al., 2011; Brown, 2010; Head, 2022; Lehtonen et al., 2019;
Tromp, 2018), and PNS elevates the stakes involved regarding the urgency of decisions to
make. As such, we need to rethink science and engineering education, so that it considers
the complexity of real-world problems, their far-reaching implications, and immediacy of
their effects. In relation to wicked problems, PNS provides a framework for democratisa-
tion of science in which students and teachers are part of the stakeholders.

Although there are substantial differences between normal and post-normal science, as
well as applied science and professional consultancy, one factor applies to all: our effort
to make sense of and respond to the evolving knowledge that stems from them. As a part
of stakeholders affected by wicked problems, we want to know what is happening now
and what could happen in the future. Indeed, we are expected to make decisions concern-
ing not only ourselves but others. There is obviously more than one path, but the entire
process accounts for what has been conceptualised as “epistemic practices.” In the con-
text of higher science education, epistemic practices are inherent in various inquiries tied
to scientific problems (Agustian et al., 2022a; Hammer et al., 2008; Mogk & Goodwin,
2012). However, science education research in general suggests that despite this inherent
character, the epistemic dimension is often left unattended (Duschl, 2008; Erduran & Kaya,
2019; Kirschner, 1992). Furthermore, Manz and colleagues (2020) argue that even curricu-
lar efforts that attempt to address this conundrum in K-12 science education, such as Sci-
ence and Engineering Practices and Next Generation Science Standards, still do not make
explicit the dynamic between the explanatory model of scientific phenomena, the empirical
model, and the data model. Consequently, much of this underlying epistemic alignment is
hidden in science classrooms (Manz et al., 2020; Pabuccu & Erduran, 2016), laboratories
(Agustian, 2020; Jiménez-Aleixandre & Reigosa, 2006), and the field (Couper, 2023; Stod-
ulka et al., 2019).

The argument for constructive epistemic alignment between phenomena, data, and
explanatory models is centred on establishing science-as-practice in educational contexts,
by which students are engaged in practices that reflect how scientists do science. While this
is considered under-theorised in K-12 science education (Manz et al., 2020), it is even more
so at tertiary level (Chen et al., 2020; Faber et al., 2022). Although science and engineering
programmes often require students to conduct investigations, either laboratory-based, field-
based, or computer-based, they do not necessarily engage them in reflection on epistemic
alignment between phenomena, data, and explanatory models. This is often assumed rather
than actually substantiated (Finne et al., 2021). Framing such alignment within the con-
text of wicked problems and post-normal science elevates the stakes even higher, as what
constitutes “evidence”, “data”, and “findings” may be diffused, misused, misunderstood,
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or even weaponised by post-truthers, as argued previously in this paper. Thus, it is even
more important to engage students in epistemic practices and provide meaningful opportu-
nities to reflect on various aspects of these practices, including how to manage uncertain-
ties, how to identify and establish alignment between the aforementioned models, and how
to address axiological queries such as moral and ethics. The next section elaborates on this
concept as applied to wicked problems and post-normal science.

2.3 Epistemic Practices

In various cultural contexts, humans develop ways of knowing by means of reason, sense
perception, experience, intuition, imagination, and language. An example of how this
unfolds can be discerned by comparing the Temne farmers in Sierra Leone, West Africa,
and the Inuit people of the Arctic Circle. Due to the differences in their geographic envi-
ronments, the former being rich in colours and vegetation whereas the latter is bleak and
monochromatic, the Inuit seem to have developed finer perceptual skills and knowledge
that is useful for hunting and survival (Annis, 1982). In a more formal context, organi-
sations also develop their own ways of knowing. For example, government organisations
tend to follow specific protocols for gathering, analysing, and disseminating information.
This may include surveys and database analyses, which may be shared through reports and
public communication channels. They may also have established ways of engaging with
stakeholders, such as public hearings or town hall meetings. Likewise, educational settings
also provide various ways of knowing and evaluating knowledge claims, which is often
formalised in terms of inquiry, modelling, experimentation, reasoning, and argumentation
in science education.

A useful overarching concept for investigating these ways of knowing is “epistemic
practices”, which constitutes an established research tradition of its own and is under-
pinned by cognitive science, philosophy, anthropology, and rhetoric. In the context of sci-
ence education, the concept refers to the processes and practices associated with how we
propose, communicate, evaluate, and legitimise knowledge (Kelly & Licona, 2018; Manz
et al., 2020). Around the time that Rittel and Webber coined the term “wicked problems”,
philosophical analyses of “epistemic practices” referred to an association with fallibilism
(Meerbote, 1977) and critique of empiricism (Castells & de Ipola, 1976). On the one side
of the debate, Meerbote argues that human knowledge and beliefs are uncertain and subject
to revision based on new evidence. On the other side, Castells and de Ipola maintain that
empirical evidence derived from observations and experiences is not neutral, as it is shaped
by its historical and social contexts. Critical study of epistemic practices in professional
science from a sociological perspective was marked by Knorr-Cetina’s (1991, 1999) and
Funtowicz and Ravetz’s work (1990a, 1990b, 1993, 1994). Towards the end of the twen-
tieth century, the literature on epistemic practices was thriving with multi-perspectivity
encompassing science, religion, mathematics, and folkways (Alston, 1982; Azzouni, 1994;
Barth, 1995; Goldman, 1993; Knorr-Cetina, 1991). However, it was not until somewhat
later that the concept became explicit in science and engineering education.

In a substantial review of such a development, Duschl (2008) describes how science
education goals have been shifting from a focus on content-process in the 1950s to discov-
ery-inquiry in the 1980s and evidence-explanation in the twenty-first century. The shift is
to some extent aligned with intellectual development in science studies and the learning
sciences, but the reality of educational practice is often inconsistent with these contem-
porary scholarships. Nevertheless, some of the latest efforts to remedy such inconsistency
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have been reported to reduce heavy reliance on isolated, decontextualised content knowl-
edge, and make room for more investigative and argumentative activities (Antink-Meyer
& Arias, 2022; Koretsky et al., 2022; Shim & Thompson, 2022). For instance, Shim and
Thompson (2022) focus on teachers’ professional development aimed at fostering epis-
temic practices. Their longitudinal study shows that capacity building within professional
learning communities seems to be an effective approach to move towards epistemic orien-
tation in science teacher education. It also points to the potentials of such an orientation in
the context of climate change education. But knowledge is still scarce as to how this could
be done, particularly when climate change is conceptualised as a wicked problem. Accord-
ingly, the introduction of wicked problems into the whole discourse adds another layer of
complexity, when an approach such as transdisciplinary inquiry is to be enacted in educa-
tional settings.

The framing within post-normal science also suggests that discussions on the episte-
mological dimension of science, particularly when it comes to uncertainties, cannot be
detached from the axiological dimension. If the fundamental argument for promoting epis-
temic education is to engage students in authentic, closer-to-real practices, then these two
dimensions should be a part of research and instruction. In the following sub-sections, I
will elaborate on how we can build on extant scholarship. To keep focus and consistency, |
will refer back to the PNS framework wherever relevant.

2.3.1 Beyond Epistemic Practices in Science and Engineering Education

Discussions on epistemic practices in science education point to the importance of bal-
ancing the conceptual, social, and epistemic goals of science curricula and pedagogies
(Duschl, 2008; Duschl & Grandy, 2013). I argue that technical goals should also be a part
of this equation, especially in science disciplines that incorporate substantial element of
practical work, be it in the laboratory, clinical settings, or out in the field. For decades,
overly focus on canonical knowledge has been criticised as presenting a static image of
settled science. While some of this knowledge defines disciplinary expertise and identities
in higher science education, and as such, is still important to impart, it falls short when
students have to grapple with unsettled science and knowledge that is still in the making
(Ferguson et al., 2012), as described in the Introduction section.

The large corpus of scholarship on inquiry-based, context-based, and problem-based
science education shows that learning of disciplinary science can be more effective when
students learn to do science, by engaging in scientific practices such as hypothesising,
experimenting, and problem solving (e.g., Agustian et al., 2022b; Dolmans et al., 2016;
King, 2012; Lazonder & Harmsen, 2016; Seery, 2020). However, their implementation in
practice is often still focussed on procedural processes of simplified contexts. Examples
that describe this conundrum, and endeavours to resolve it, can be discerned from the
literature in laboratory education and practical work (Agustian, 2022a; Dolmans et al.,
2005; Hodson, 1996; Kirschner, 1992; Nicolaidou et al., 2019). This development sub-
sequently leads to a focal shift to learning about science epistemologies through engage-
ment in social and epistemic practices, as Duschl (2008) describes previously.

In a Kuhnian term, there seems to be a paradigmatic shift in science education from a
focus on inquiry towards more epistemic orientation, centred on evidence and explana-
tion. Important works in this area clearly demonstrate the central role of argumentation
in bridging the investigative domain of science education (inquiry, experimentation,
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observations) with the explanatory domain (modelling and theory building) (Erduran,
2019; Erduran & Garcia-Mila, 2015; Erduran & Kaya, 2019; Jiménez-Aleixandre, 2014;
Jiménez-Aleixandre & Crujeiras, 2017; Jiménez-Aleixandre & Reigosa, 2006; Kelly,
2010, 2018; Osborne, 2005). But even with such a remarkable development, research
in this area is by and large contextualised in core science (the intersection between the
axes in the PNS diagram, see Fig. 2), in which insights into the inner working of knowl-
edge construction in normal science are explored in educational settings (e.g., Kelly,
2008; Mortimer & Aradjo, 2014; Pabuccu & Erduran, 2016; Shim & Thompson, 2022).
For instance, Mortimer and Aratijo (2014) investigate epistemic practices in high school
chemistry laboratories through the lens of productive disciplinary engagement, using
discourse analysis of laboratory experiments in naturalistic settings. Their characterisa-
tion of epistemic practices associated with knowledge production, communication, and
evaluation manifests in activities such as using different sources of data, arguing, and
using data to evaluate hypothesis. However, there is a large scope for a focus on uncer-
tainties, such as laboratory measurements and significant figures. Similar observation
could also be said about empirical studies by Ageitos and colleagues (2019), Pabuccu
and Erduran (2016), and Jiménez-Aleixandre and Reigosa (2006).

Evidently, a relevant body of knowledge can be discerned from a focus on epistemic
uncertainty. For instance, Chen and colleagues have developed frameworks and tools to
help teachers and students navigate and manage uncertainty (Chen, 2022; Chen & Qiao,
2020; Chen & Techawitthayachinda, 2021; Chen et al., 2019, 2020). In an argumentative
context, which represents a key feature of epistemic practices, they suggest that teachers
should indeed raise the issue of uncertainty and use it as an epistemic resource for students
to collaboratively engage with. The goal is to actively find a way to reduce it, by con-
necting new understanding to existing knowledge, improving the coherence of arguments,
and refining conceptual knowledge. Drawing on topics such as heat transfer, human body,
and ecosystems, their studies show how the issue of epistemic uncertainty can be explored
in K-12 core science. However, these empirical studies operate within a low uncertainty
context, where the scientific knowledge with which the students engage is relatively estab-
lished. To engage with very high uncertainty levels that characterise wicked problems, stu-
dents will need to expand their epistemic resources. In a structured review of the norms
and values of post-normal science, Kgnig and colleagues (2017) argue that managing
uncertainties is indeed one of the key recommendations for reflective negotiations of sci-
ence advice. Within a PNS context, uncertainties are not only of epistemological but also
technical, methodological, and ethical origins. Together, these are conceptualised as sys-
tem uncertainties in the PNS diagram (Fig. 2).

To advance the research agenda on wicked problem inquiries and epistemic orientation
in higher science education, the PNS framework suggests that we need to consider other
forms of science where system uncertainties and decision stakes are higher. As mentioned
previously, beyond core science, one should look into applied science, professional consul-
tancy, and PNS itself. Timely, the literature on epistemic practices in science education has
recently been accompanied by a synergistic development in engineering education (Antink-
Meyer & Arias, 2022; Cunningham & Kelly, 2017; Koretsky et al., 2022). Cunningham
and Kelly (2017) categorise epistemic practices in engineering that may be relevant for
education, viz.

¢ Embedding engineering in social contexts.

e Using data and evidence to make decisions.
e Employing tools and strategies for problem solving.
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¢ Finding solutions through creativity and innovation.

The abovementioned development is important for critical discussions on wicked prob-
lems and post-normal science, because engineering already moves beyond core discipli-
nary science, as the PNS framework in Fig. 2 represents. Comparison between epistemic
practices in science and engineering education highlights similarities such as using systems
thinking in dealing with a problem and embedding the problem in its social context, but
there is a higher level of system uncertainty and decision stakes involved in engineering
process designs (Clift, 2006; Funtowicz & Ravetz, 1993). In the following section, some of
these ideas will be developed further to advance our understanding of epistemic practices
that could be relevant for teaching using wicked problems in higher science education.

2.3.2 Towards Epistemic Practices in Post-Normal Science Education

To characterise epistemic practices in post-normal science that may be relevant for higher
science education, I draw on theoretical and empirical knowledge development in inquir-
ies into wicked problems and their implementation in education. Substantial works include
Brown (Brown, 2015; Brown et al., 2010; Hocking et al., 2016), Block (Block et al., 2018,
2019, 2022), and Head (Head, 2019, 2022; Head & Alford, 2015). Akin to a host of other
scholars in this field, they seem to agree that a collective, reflexive, and transdisciplinary
approach is paramount to a productive, dignified, and meaningful inquiry into wicked
problems (Colucci-Gray et al., 2013; Kate et al., 2019; Kgnig et al., 2017; Lehtonen et al.,
2019; McCune et al., 2021; Veltman et al., 2019). Higher science education is typically
discipline-based, with core sciences such as chemistry, physics, and biology being taught
within monodisciplinary structures and cultures (Lindvig et al., 2019). While there may be
interdisciplinary courses and programmes, these deeply entrenched structures are known
to be rather resistant to transformation (Lindvig, 2018; Lindvig et al., 2019; Woiwode &
Froese, 2021). Transdisciplinary approach heightens the challenge even more, as it may
require non-academic engagement, as shown in Fig. 3.

The diagram in Fig. 3 is drawn from empirical studies on using sustainability issues
as a wicked problem in higher education (Block et al., 2019, 2022). In these studies, sus-
tainability issues are framed, defined, and investigated within four disciplinary approaches.
Representing traditional higher science education, a monodisciplinary approach draws on
only one scientific discipline. In contrast, a multi-disciplinary approach investigates the
issue from several disciplinary perspectives, but without crossing the boundaries between
them. An interdisciplinary approach is characterised by cross-fertilisation between several
scientific disciplines, visualised by the intertwined helix in the diagram. A transdiscipli-
nary approach is different from interdisciplinary in that it may involve non-academic envi-
ronment. As the diagram suggests, the latter two highlight the importance of transcending
boundaries (Block et al., 2022; Lawrence, 2010).

The characterisation of multi-, inter-, and transdisciplinarity as described here repre-
sents one school of thought in the literature of disciplinarity. Others, such as Klein (2008)
and Collin (2009), emphasise the transcendental aspect of transdisciplinarity, as a result of
a more extended collaboration that leads to a synthesis of conceptual and methodological
frameworks. Within this school of thought, interdisciplinarity is characterised by ‘neigh-
bouring disciplines with compatible epistemologies’ (p. S117), whereas transdisciplinarity
involves a wider range of stakeholders in society. Ontological variations in conceptualis-
ing disciplinarity are relevant for a more nuanced understanding of the notions and their
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[ Academic environment ] Non-academic env. ]

Mono- Multi- Inter- Trans-
disciplinary disciplinary disciplinary disciplinary

[ Sustainability issue: framing, problem definition & search for solutions

Fig.3 Transdisciplinary vis-a-vis other disciplinary approaches to wicked problems in sustainability (Block
et al., 2022)

application in educational research and practice. The diagram in Fig. 3 is presented as an
example of these variations, mainly due to the proximity of contexts between sustainability
issues and wicked problems. However, it is not the only possible framing. Useful insight
could also be drawn from von Wehrden and colleagues (2019), as they propose five basic
building blocks for inter- and transdisciplinary research, viz. (1) collective glossaries, (2)
definition of boundary objects, (3) problem- and solution-oriented approaches, (4) inter-
and transdisciplinary facilitator, and (5) reflexivity.

The central argument for advancing epistemic practices in post-normal science educa-
tion is that research and instruction in this area should be strongly anchored in a disci-
pline-based science education, such as in a study programme of BSc in Chemistry, but
they should also meaningfully engage other relevant disciplines, not only within science,
but also non-science and non-academic fields. The literature on wicked problems and post-
normal science suggests that this could be done with either interdisciplinary (Brossard
et al., 2019; Kate et al., 2019; Kawa et al., 2021; McCune et al., 2021) or transdisciplinary
approach (Block et al., 2022; Brown, 2010, 2015; Hendriks, 2019; Shasha-Sharf & Tal,
2021). One could of course argue that wicked problems could be taught within monodisci-
plinary structure and culture that constrain traditional higher science education. Indeed, the
educational implications in the next section are partly proposed with that in mind. In pro-
fessional practices of wicked problem inquiries, the role of disciplinary expertise cannot be
understated (Kawa et al., 2021). However, as argued throughout this paper, it cannot stand
on its own. In either inter- or transdisciplinary approach, a synthetic and systemic view of
knowledge and values are considered, and as such, higher science education with epistemic
orientation focussing on wicked problem inquiries should also consider such a view.

In particular, the blend of academic and non-academic engagement in transdiscipli-
nary inquiry commands a novel way of looking at epistemic practices. Brown (2010)
intimates that such an engagement entails personal/individual, local community, spe-
cialised, and organisational epistemologies. As argued in the previous section, each of
these ways of knowing has their own characteristics, but the overlaps between them
and the shared epistemic goals in addressing the problem may serve as a common
ground on which a new, integrated knowledge is generated. Brown refers to this novel
synthesis as holistic epistemology (2010). The increasing epistemic complexity in
transdisciplinary inquiry also reflects the increasing system uncertainty in post-normal
science argued earlier (see Fig. 2). One could view engineering as a representation
of applied science, whereas non-government organisation could play a professional
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consultancy role. In the context of post-normal science, Kgnig and colleagues (2017)
argue that “the acknowledgement and management of plural legitimate perspectives
involves among other things a framework for making it possible for stakeholders to
engage in constructive and open dialogue cultivating mutual learning despite different
disciplinary backgrounds, conflicting interests, and value disputes” (p. 13).

To date, implementations of transdisciplinary approach still leave a sizeable scope
for elucidating how the shared epistemic goals translate to research-based instruction.
Equally important, knowledge is still scant as to how such a complex inquiry learn-
ing can be assessed. A recent scoping review in this journal (Daneshpour & Kwegyir-
Afful, 2022) points to the need for institutional support and faculty training. Similar
to the central argument presented in this section, they also argue that transdisciplinary
approach to education has the potential to contribute to the development of innovative
and sustainable solutions to wicked problems, as well as prepare students to become
effective problem solvers and change agents in their professional and personal lives.

In the context of post-normal science education, the most enduring challenge with
regard to epistemic practices is how to make sure that different epistemologies can be
evaluated and legitimised in a way that respects the differences without falling into
relativism, where anything goes (Brown, 2010), or tokenism, where diversity is just a
skin-deep impression (Niemann, 2016). Several proponents of the focal shift to epis-
temic practices in education emphasise dialogic and dialectical approach (Cunningham
& Kelly, 2017; Koretsky et al., 2022; Odden & Russ, 2018; Wagner, 2018), whereas
others hint towards the potentials of rhetorical approach (Ageitos et al., 2019; Kelly
et al., 2001). The challenge is, in a context where different sciences and non-science
are to establish a meaningful discourse, how can productive, reflective, and critical
inquiry be attained?

Although transdisciplinary inquiry is characterised by its complex, non-linear, and
reflexive process aimed at knowledge synthesis drawn from different epistemologies
(Lawrence, 2010), epistemic practices in post-normal science education should still be
strongly anchored in disciplinary expertise. This needs to be asserted, lest we under-
mine the specialised knowledge, skills, and competences we seek to develop in our
students. At the same time, the stakeholders ought to surrender some of their epistemic
authority, in the spirit of knowing the other sides of the story. As previously stated,
this is consistent with the principle of knowledge partiality (Feyerabend, 1999). Rarely
explored educational virtue such as intellectual humility (Ballantyne, 2021) may prove
to be essential in alleviating potential tensions arising from authoritative standpoints,
both from science and non-science.

Science in the post-normal age brings axiology into the equation. As depicted in
Fig. 2, this aspect is inevitable and inseparable from the epistemic axis. It is beyond the
scope of this paper to also incorporate axiological analysis, but it does generate some
implications for educational research and practice, as the following section elaborates.

3 Implications
3.1 For Educational Research

Research into epistemic practices in education has so far been predominated by science
and engineering education. The conceptual framework proposed in this paper demonstrates
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that in the context of wicked problems, we need to extend this line of research. One of the
principles of tackling wicked problems in a real-world practice is engaging different stake-
holders in the process (Balint et al., 2011; Block et al., 2019; Raisio et al., 2018; Tromp,
2018). This may include professional consultancy, such as (non-)government organisations
and sustainability consultants, but also local community that may have a stake in the issue,
including indigenous community. Funtowicz and Ravetz (1993) argue that an extended
peer community, consisting of all those with a stake in the dialogue on the issue, should
be deployed to ensure the quality of scientific input related to those policies. However,
the extremely diverse capacities and competences possessed by the stakeholders in such a
community may complicate the process.

Therefore, we need to understand how the increasing epistemic complexity in the con-
text of wicked problems can be addressed in a productive, dignified, and meaningful way.
While this has been explored in real-life practices, albeit with crash and burn (Brown
et al., 2010), higher science education is yet to make meaningful intellectual contribution.
McCune and colleagues (2021) have attempted to substantiate perspectives from faculty
members teaching wicked problems in different disciplines, framed within the notion of
ways of thinking and practising in disciplinary contexts. There are some overlaps with
ways of knowing that typify epistemic practices such as skilled communication using key
concepts and particular genres of the discipline. But their study was conducted within sep-
arate disciplinary structures and cultures, so there is a scope for transdisciplinary synthesis.
In that regard, research programmes on epistemic practices in post-normal science educa-
tion at the university level are needed. These programmes could explore various avenues,
including but not limited to:

e Characterisation of epistemic practices in post-normal science that are applicable to
discipline-based higher science education.

e Enactment of these practices and investigations into its effect on the stakeholders, in
terms of learning and lived experiences.
Taxonomical classification of wicked problems in all science disciplines.
Stakeholders’ participatory research on transdisciplinary inquiry into a wicked problem
pertaining to a local context.

e Investigation of how the notion of intellectual humility may alleviate the tensions aris-
ing from epistemic authority.

e Exploration of the role of ignorance in the face of epistemic complexity.

On top of the scant knowledge on the epistemic axis of the PNS nexus (see Fig. 2), we
also have scarce understanding of how the axiological axis comes into play in the epistemic
practices associated with wicked problems. Knowledge development in this area is under-
standably focussed on the epistemic aspect, but in an epoch where ‘facts are uncertain,
values in dispute, stakes high, and decisions urgent’ (Funtowicz & Ravetz, 1993), investi-
gations into epistemic practices should also incorporate the notions of values, ethics, and
presumably also aesthetics. Specifically, how some of the cornerstones of epistemic prac-
tices (proposing, communicating, evaluating, and legitimising knowledge) affect and are
affected by values, ethics, and aesthetics. In a transdisciplinary context, we may not even
refer to a single knowledge, but knowledges (Brown, 2010), each with its own epistemol-
ogy, underlying assumptions, biases, and limitations of knowledge. The role of philosophy
of science is crucial (Jacobsen & Bgrsen, 2019), and further work can build on Tromp
(2018), in which they argue for incorporating a more holistic, systems-based view of the
world. Creative approaches using art and storytelling may also shed some light on how our
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values are partly shaped by aesthetics and imagination (Brown et al., 2010; Turan & Cetin-
kaya, 2022). There is so much to substantiate, and considering the high stakes involved in
the post-normal science, higher science education can play a prominent role in leading the
way forward.

3.2 For Curriculum Development

Higher science education curricula are defined by and, to a large extent, confined within
monodisciplinary structures and cultures. Therefore, the introduction of transdisciplinary
approach to wicked problems may require some structural and cultural adjustments. Cur-
riculum developers in each discipline may revisit their existing curricula first and foremost
to identify areas in which a potential wicked problem could be investigated in a transdisci-
plinary context.

They may wish to collaborate with educational researchers and consultants to scaffold
this development process. Trade-offs may need to be made, but the principle of balancing
the conceptual, technical, social, and epistemic goals in designing intended learning out-
comes applies here.

As with any other curriculum development efforts in higher education, the process can
be scaffolded at different levels (Biggs & Tang, 2011). At a course level, course leaders
and their teams could look into topics that may include a wicked problem pertaining to
their discipline. For example, in chemistry, one could look into chemical pollution in the
environment and how it may affect various communities. The curriculum could incorporate
both laboratory work and fieldwork, by which students conduct investigations and engage
with stakeholders. The complication of this problem with public policy, such as described
by Allen (2013), could be used as a case to investigate. Within a transdisciplinary frame-
work, the case can be investigated in a collective inquiry involving other students from
other STEM (science, engineering, technology, and mathematics) and HASS (humanities,
arts, and social sciences) departments, as well as representatives from a local community
affected by the issue and a non-government organisation that may be active in the field.

At a programme level, curriculum developers within and across faculties may wish to
design an entire course on wicked problems. To date, several universities such as Uni-
versity of Sydney,! University of Melbourne,” and Aarhus University” offer a course on
wicked problems. While designing an entire course like this may take much more into con-
siderations, it is worth deliberating, if higher education is really striving towards meeting
the challenges of today’s world of wicked problems (Kawa et al., 2021). Furthermore, at
least insofar as higher science education is concerned, the process of curriculum develop-
ment aimed at transdisciplinarity may need to be institutionalised at the university level
with both STEM and HASS disciplines coming together to engage in collective epistemic
practices. The involvement of HASS disciplines in the inquiries may prove to be powerful
in addressing the axiological axis of the PNS nexus, as argued previously.

! Wicked Problems and Policy Innovation, https://www.sydney.edu.au/units/GOVT4603
2 Thinking Tools for Wicked Problems, https://handbook.unimelb.edu.au/subjects/unib10019

3 Wicked Problems: Environmental Communication, Media, and Justice in the Anthropocene,
https://international.au.dk/education/admissions/summeruniversity/course/wickedproblems
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3.3 For Instruction

The centrality of problem in the entire discussion on wicked problems implies that instruc-
tion could largely benefit from problem-based learning (PBL) pedagogy. In particular,
research-based instructional approaches can be discerned from PBL in inter- and trans-
disciplinary higher education settings (Jensen et al., 2019; Savin-Baden, 2016; Stentoft,
2017). Initially, PBL emerged “as a response to the identified need in educational prac-
tices of building bridges between science and academia and the complexities of real-world
problems” (Jensen et al., 2019). Thus, the foundational philosophy of PBL is indeed fit for
purpose in our discussion on wicked problems and post-normal science education. PBL
has long been used in monodisciplinary contexts, primarily in medical education (Neville,
2008), but it typically deals with tame problems (Belland, 2019), and although there may
be elements of interdisciplinarity, students do not necessarily engage in a collective inquiry
involving other disciplines (Hall & Weaver, 2001). The same could be said about PBL in
other sciences such as chemistry (Williams, 2019), biology (Carri6 et al., 2011), and phys-
ics (Raine & Symons, 2012). So, there is a large scope for its development within transdis-
ciplinary contexts.

Surely, the ontology of the problem matters. Traditional PBL instructions may already
deal with complex problems. For example, in their extended work on PBL, Moust and
colleagues (2021) typify “dilemma problems”, as a kind of problem that can be used in
PBL instruction in which students are asked to take a critical stance towards a subject.
Likewise, Belland (2019) uses “ill-structured problems” in which students are required to
critically synthesise information from multiple, credible sources. However, as described in
Sect. 2.1, wicked problems are different from these tame problems in terms of their high
degree of uncertainty, ambiguity, and interconnectedness. Tame problem can be complex,
but they can typically be tackled using the existing PBL heuristics. The dichotomy of tame
and wicked problems bifurcates PBL instructions. While much is known about the effec-
tiveness of various PBL instructional designs (see, e.g., edited volumes by Moallem and
colleagues (2019) and Walker and colleagues (2015), less is known about wicked problem
solving. So, faculty interested in scholarship of teaching and learning may wish to develop
their pedagogy in this area.

As many faculty can testify, balancing pedagogical approaches in teaching practices is
not an easy task to accomplish, particularly when we are so used to operate within a famil-
iar, presumably convenient framework. In a typically crowded, academic-centred university
science curriculum, how much room can we feasibly make for an inter- or transdisciplinary
approach to wicked problem inquiries? In a course module on Environmental Chemistry,
for example, how many cases pertaining to wicked problems should be allocated for an
optimal result? While there is no straightforward answer to these questions, and empiri-
cal findings are scant, faculty could draw inspiration from Tawfik and colleagues (2020)
on case-based reasoning in PBL instruction using case libraries of complex, ill-structured
problems. Grounded in cognitive learning theories, their findings suggest that case libraries
are effective in developing students’ knowledge structures pertaining to a particular com-
plex problem, especially when they are designed to generate relevant recommendations for
students to focus on. This means that students may need more than one case to engage
with, to be able to build coherent schemata with which they can engage in argumentation
and collaborative reflection more effectively.

PBL is of course not the only possible instructional framework in which wicked prob-
lems can be taught. Other inductive and investigative frameworks may also be effective,
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including inquiry-based, context-based, and ultimately research-based teaching frame-
works. Whichever is chosen, the focus on epistemic practices within PBL instruction
implies that all stakeholders involved in the collective inquiry into the chosen wicked prob-
lem should continually reflect on their assumptions, biases, and limitations of knowledge.
As described before, the presumably different epistemologies at stake may cause tensions
and conflicts. Therefore, externalisation of thinking and reasoning during group delibera-
tions may help alleviate some of these tensions. As mentioned previously, virtues such as
intellectual humility and open-mindedness are essential. In their work on transdisciplinary
PBL, Jacobsen and Bgrsen (2019) show that students negotiate discursive positioning of
self and others during a collective inquiry, but those from academic background seem to
perceive themselves higher than those from professional background. They ground their
perception on several aspects, notably their greater qualifications within philosophy of sci-
ence. As argued throughout this paper, the role of philosophy of science and science stud-
ies in general is indispensable in advancing our knowledge of how epistemic practices in
higher science education could be expanded as to encompass non-science and non-aca-
demic epistemologies. In turn, this should also inform science teaching and learning.

3.4 For Assessment

In terms of student learning, the principle of constructive alignment (Biggs, 2014) applies.
Assessment on wicked problems has to be designed according to the formulated goals and
in keeping with the instructional design. As mentioned before, faculty should strive to
strike a balance between the conceptual, technical, social, and epistemic learning goals.
Coherence and scaffolding within and across curricula are paramount to ensure that stu-
dents can make sense of the assessment tasks they are given. Due to the complexity of
the issue and the complication it may create in terms of students’ affect and conation,
conceptions of learning that depart from cognitivism are relevant to consider (Agustian
et al., 2022a; Illeris, 2018). The widely substantiated notions of active and constructivist
learning are applicable. But also, empirical works on wicked problem inquiries in prac-
tice point to pertinent notions such as collaborative learning, action learning, sociocultural
learning, and transformative learning (Balint et al., 2011; Block et al., 2022; Brown et al.,
2010; Head, 2022; Tromp, 2018). While some of these notions are not necessarily easy to
assess, student learning around the core concept of wicked problems that is focussed on
epistemic practices could be assessed according to the following principles.

First, departure from cognitivism means that assessment methods should consider the
social, cultural, and contextual factors that influence learning, rather than acquisition of
knowledge and skills in isolation. They need to be authentic and contextualised in real-
world scenarios. Second, individual and collective reflections are required to verbalise stu-
dents’ reasoning and thinking, particularly with regard to their values, assumptions, and
biases. This may be done in written formats, such as essays and reports, but more impor-
tantly also during the collaborative inquiry. The formative aspect of assessment is crucial.
Likewise, feedback practices that foster self-reflection and constructive peer community
are useful. This may also include extended peer community, consisting of non-academic
stakeholders, as Funtowicz and Ravetz (1993) suggest.
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4 Conclusion

I have presented a conceptual framework for teaching using wicked problems by focusing
on epistemic practices. Philosophical analysis of wicked problems indicates that the fram-
ing of post-normal science could be useful in advancing our understanding of epistemic
practices in higher science education. I have done so by extending the existing work in
science and engineering education. The notion of transdisciplinarity arises from the epis-
temic and axiological complexity inherent in wicked problems. This has several implica-
tions for educational research on epistemic practices, as the current scholarship tends to
be confined within disciplinary structures. It also necessitates stakeholder engagement in
the process. The typical monodisciplinary structures and cultures in higher science educa-
tion may become a challenge in fostering productive, dignified, and meaningful transdis-
ciplinary inquiries into wicked problems, but several possible avenues for scholarship of
teaching and learning in this area have been proposed. The high stake decisions character-
ising post-normal science highlight the imperative nature of addressing wicked problems,
and higher science education can make meaningful contribution to the advancement of the
understanding of epistemic practices in this context.
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