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Abstract
Discourse about public perception of science is often positioned as a dichotomy between 
trust in scientific evidence and scientists as experts, versus critiques of the limitations 
of scientific knowledge and a mistrust in scientists as biased professionals and political 
agents. However, this dichotomy becomes something of a false argument, as our tendency 
to look for the “right” answer in these arguments often gets in the way of finding a balanc-
ing point in which both of these positions could be held in productive tension. The purpose 
of the present article is to lay out the argument that society can both trust in scientific evi-
dence and question scientific bias in the same space, holding these two seemingly opposite 
positions in productive tension, and that we should teach students to do the same. Criti-
cal realism is presented as an ontology and epistemology to frame science education, and 
focus on the development of critical scientific literacy by teaching students what is real 
and what is arbitrary about science. Recommendations for science education are outlined, 
grounded in critical realism and connected to current education research and principles of 
the nature of science.

1 Introduction

In his 2015 focus article “Can we Teach People what Science is Really Like?”, Collins 
ends his essay with the statement “Thank heaven my job is not to teach.” The article offers 
a framework for science and science education grouped around three epistemological 
waves of thought about science (Collins & Evans, 2002; named simply wave one, wave 
two, and wave three) and discusses the challenges of teaching students about scientific 
knowledge and scientific practice in the classroom setting through these waves. The meta-
phor of waves provides a starting point in this conversation, but for those whose job it is 
to teach, there is a need to address the identified challenges of modern science education 
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and support the work that science educators take up in trying to teach what science is really 
like.

In Collins and Evans (2002), wave one science was historically focused in the early 
1900s up to the 1970s, though elements of this paradigm linger into present thinking. Wave 
one was grounded in positivism and saw scientists as experts, or seekers of truth in the 
natural world. For science education in this wave, curriculum was written and directed 
by scientists and professors, focusing on broad science methods and knowledge and not 
local contexts or ways of knowing. Science in the classroom was designed as a micro-
cosm of real science, intended to train students to be scientists in the future. Wave two 
science was presented as occurring from the 1970s to the present, grounded in postmod-
ernism and emphasizing constructivist approaches to science education. Expertise of sci-
entists becomes increasingly questioned, understood more and more as biased individuals 
or agents of politics and industry. Science education in this period is driven by standard-
ized testing and policy requirements, hold overs from a positivist framing. Conversely, sci-
ence education increasingly allows and prioritizes critiques of science and scientists, while 
classroom labs and experiments were less focused on training scientists and more on devel-
oping practical science knowledge. Finally, wave three science was presented as a more 
recent shift, starting in the last decade and seeking a balancing point between scientists as 
experts and a need for accountability and transparency in the professional work of science. 
While Collins and Evans (2002) do not identify a specific paradigm for wave three, much 
of their argument can be aligned within the paradigm of Critical Realism, and this framing 
is presented here with particular focus on the practical application to science education. I 
argue that science education understood within a framework of Critical Realism should 
focus on critical scientific literacy as a goal, balancing both non-arbitrary scientific knowl-
edge and arbitrary skills such as critical thinking in the curriculum.

In discussing these epistemological waves of science study, the discourse about public 
perception of science is positioned as a dichotomy between trust in scientific evidence and 
scientists as experts versus acknowledging the limitations of scientific knowledge and a 
mistrust in scientists as biased professionals and political agents (Collins, 2015; Collins & 
Evans, 2002). Modern understandings of expertise have shifted, as argued in Collins and 
Evans (2002) but more extensively in the work of Watson (2020). Changes in communica-
tion due to technology, and the impact of social status and positionality on perception, have 
all impacted how expertise is perceived and subsequently how individuals trust and do not 
trust “experts” (Watson, 2020). In some ways, this comparison mirrors the epistemological 
argument between positivism and empiricism on the one hand with a search for universal 
truth and objectivity (wave one), and postmodernism and transcendental idealism on the 
other hand with a focus on experiences and an understanding that “truth” is all interpreta-
tion (wave two) (Bhaskar, 1998; Collins & Evans, 2002; López & Potter, 2005). Of course, 
this progression in thought is not unique to Collins and Evans (2002) or even science as a 
field. The concept of scientific revolution was famously argued in Kuhn (1970), and while 
the metaphor of revolution has been debated extensively, the concept of paradigm shift 
has carried forward. Collins and Evans (2002) are using the metaphor of waves instead of 
revolutions to discuss paradigm shifts in science study, and Collins (2015) then applies this 
metaphor and conception of paradigm shift to science education. From a broad epistemol-
ogy standpoint, the first two waves in Collins and Evans (2002) and Collins (2015) are 
positioned as the shift from positivism to postmodernism, and this same shift has been dis-
cussed and argued repeatedly in many fields of study (e.g., Good, 1993; Houghton, 2008; 
Mackenzie et  al., 2014). However, this dichotomy becomes something of a false argu-
ment, as our tendency to look for the “right” answer in these approaches to science and 
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philosophy often gets in the way of searching for a balancing point, in which both of these 
positions could be held in productive tension. Collins and Evans’ (2002) argument for a 
third wave provides a space for this balancing point, a somewhat newer conception that is 
still being explored in many fields and what others have classified as dialecticism (Marsden 
& Littler, 1999; Mumby, 2004) or critical realism (Bhaskar, 1998; López & Potter, 2005; 
Pratt, 1995; Steinmetz, 1998; Reed, 2011).

The same epistemological argument could be applied to science education, giving con-
text to changes in science education over time that align with, and would arguably by pre-
cursors to, the waves of change in public perception of science over time. Positivism as 
an early paradigm for science education did not allow for an understanding of bias and 
the social impacts on knowledge, limiting our ability to do and teach science in real and 
meaningful ways. However, if we argue, as wave two science study largely did, that science 
education should be positioned in a postmodern epistemology, what is our reasoning as to 
why one individual’s claim and experience are any less valid than another individual’s? 
Even if one individual making a claim is a scientist with developed expertise in the topic, 
and the other is a student in high school developing their foundational knowledge of the 
topic, postmodernism does not give allowance for hierarchies of expertise or the existence 
of clearly right and wrong answers, which are essential for developing trust in and under-
standing of science. If we argue that modern science education practice has moved too far 
away from a grounding in scientifically supported evidence in the shift towards postmod-
ernism, what follows can therefore provide a framework for the science denial and mis-
trust we see increasingly in public perceptions of science and scientists (Mackenzie et al., 
2014). Connecting an epistemology of science to that of science education is not a direct 
line, as science education operates as its own field with unique characteristics different 
from science as a field (Gil-Pérez et al., 2002). Of note, the paradigm shift waves of Col-
lins and Evans (2002) do not easily account for constructivism, an example of a paradigm 
shift in education and learning that is not as clearly linked to other applied epistemologies 
(Gil-Pérez et al., 2002; Matthews, 1998). A clear distinction needs to be made here, that 
constructivism as a theory of learning is not the same thing as an epistemology of con-
structivism applied to other fields (Gil-Pérez et al., 2002). To clarify, the argument here is 
that science education curriculum and teaching practices are developed and implemented 
within the concurrent epistemology of science study; the focus in this article is therefore on 
the epistemologies of science study and their connection to science education.

The purpose of the present article is to lay out the argument that society can both trust in 
scientific evidence and question scientific bias in the same space, holding these two seem-
ingly opposite positions in productive tension and teaching students to do the same. Criti-
cal realism is specifically presented as an epistemological stance that allows us to function 
in this tension, giving space for both the empirical reality (what we directly experience 
of the natural world in any one situation) and the actual reality (the sum total of collec-
tive empirical experiences across time and across people) of science in science education 
(Bhaskar, 1998; López & Potter, 2005; Scott, 2010). In this work, I will first discuss the 
shifting paradigms of science and science education and how these might contribute to 
social trust and mistrust of science. Then, I will present critical realism as an ontological 
and epistemological lens that gives space to both areas of tension in science education, and 
discuss how this lens differs from positivism and postmodernism in concept and in applica-
tion to teaching science. Finally, I will explore the practice of science education that would 
be possible under a critical realist lens, connecting to recommendations from science edu-
cation research and the National Science Teaching Association (NSTA) to begin to posi-
tion this approach in current science education practice.
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2  Three Paradigmatic Waves of Science Studies

Though a broad generalization, the three paradigm shifts of science study argued by Collins 
and Evans (2002) and later connected to science education in Collins (2015) provide a use-
ful framing for an understanding of current perception of science. Like critiques of Kuhn’s 
scientific revolutions, there are clear problems with any metaphor trying to encapsulate 
the whole of social perception and teaching of a field of study like science. However, in 
general terms, the metaphor of waves as paradigm shifts is used to discuss the epistemolo-
gies of the time in understandings about science and science education, and to capture the 
changes in how science and scientists have been perceived. One specific challenge with this 
metaphor is the idea that these waves are non-overlapping or linear in progression, where 
in reality they are overlapping and create more of an additive progression of ideas as the 
epistemology of wave one has not disappeared in subsequent waves, but rather been over-
taken and intermingled with the new epistemologies of later waves.

The discussion is provided here as context and groundwork for the foundational argu-
ment of this paper that critical realism can serve as ontology (what can be known) and 
epistemology (how humans come to know) for what would be understood as wave three 
science. The intention is not to provide a complete overview of the history of science or 
science education in these waves, but rather to use this framing from Collins and Evans 
(2002) as a model for framing paradigms shifts in science study and science education. 
Additionally, this is not an argument for what constitutes the nature of science, nor is it 
a review of the literature on the philosophy of science. Others have engaged extensively 
in that work, and readers are referred to the works of David Bloor, Ian Hacking, Bruno 
Latour, and Ilkka Niiniluoto as philosophers of science. Other resources are recommended 
for readers interested in further exploration of the history of science (see Kuhn, 1970; 
Marks, 1984; Pyenson & Sheets-Pyenson, 1997), history of science education (see Brush, 
1989; DeBoer, 1991), and the three waves of science (see Collins & Evans, 2002, 2003; 
Owens, 2011; Wynne, 2003).

2.1  Positivism in Science Study

In Collins and Evans (2002), wave one perceptions of science were presented as grounded 
in empiricism and positivism, searching for objective and universal truth. Scientists were 
positioned as experts in their field due to their training, and no real question or thought was 
systematically given to outside pressures or biases that would have impacted the scientist 
and their exploration (Collins, 2015; Collins & Evans, 2002). Theorists derived explana-
tions for the natural world, experimentalists tested these theories with data, and lines were 
rarely crossed between these types and/or between disciplines of science (Collins, 2015). 
This paradigm is positioned at a peak around the 1950s–1960s, a time of substantial scien-
tific development including the commercial computer and spacecraft, but also the hydro-
gen bomb and nuclear weaponry. The search for objective truth and advances in science 
sometimes overshadowed ethics and moral decision making, giving continued space to 
the eugenics movements and unethical human experimentation like what was seen in the 
Tuskegee experiments (1932–1972) or on a smaller scale the Stanford Prison experiment 
(1971). Empirical data was the goal of experimentation and the groundwork of scientific 
inquiry and discovery, and little focus was given to implications of scientific choices or the 
possibilities of error and bias in interpretations.
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2.2  Postmodernism in Science Study

Wave two science was presented as a paradigmatic shift in academic thought and experi-
mentation around the early 1970s continuing on to recent years, with understandings of 
science moving away from positivism and towards postmodernism (Collins, 2015; Collins 
& Evans, 2002). In this shift, the role of humans and society in science gained attention, 
and increasingly empirical evidence alone was not sufficient for decision making without 
also accounting for context, social implications, human biases, and external pressures. Sci-
entists as experts in applied contexts such as the courtroom, politics, and business or indus-
try increased, and with that came new questioning of the scientists themselves as unbiased 
experts (Bloor, 2000; Collins & Evans, 2002; Jasanoff, 2009).

While the advances of science into more applied and practical spaces were sometimes 
positive, examples of biased scientific reporting, such as a pharmaceutical company pay-
ing for positive results, or a tobacco company encouraging scientists to not publish nega-
tive results that would impact their business, created distrust in science and scientists (Collins, 
2014, 2015). With this distrust came an understanding that empirical evidence was sus-
ceptible to interpretation, and interpretations could differ between people. As a result, the 
lines between experts and non-experts became blurred, and concepts of the citizen scien-
tist, or more dramatically YouTube experts, appeared in popular discourse about scien-
tific issues (Brown, 2015; Collins & Evans, 2002; Funke, 2017; Gauchat, 2015). Climate 
change research became subject to climate denial, medical science about vaccinations saw 
an increase in anti-vaxxer opponents, and most recently in the COVID-19 pandemic, public 
health experts and epidemiologists are positioned against anti-maskers and “China virus” 
conspiracy theorists (Collins, 2014; Sarathchandra & Haltinner, 2020; Weinstock et  al., 
2017).

2.3  Critical Realism and Dialecticism in Science Study

Wave three science is presented as a more recent and ongoing paradigm shift in research 
on science and science education, as society and scientists both attempt to reconcile the 
value of scientific knowledge and expertise with accountability for the social implications 
of science and the external pressures that impact scientific work (Collins, 2015; Collins & 
Evans, 2002). The ideal presented in this paradigm of science is to support the expertise of 
scientists in their specializations, while also holding scientists to a high standard of ethics 
and professional practice (Collins & Evans, 2002; Watson, 2020). After decades of debate 
between positivism and postmodernism, critical realism presents an approach to hold these 
two perspectives in tension with each other. In much the same way that mixed-methods 
research approaches have gained ground in connecting positivist or post-positivist quanti-
tative methods and constructivist or postmodern qualitative findings, critical realism as a 
paradigm for science study can be seen as a space to link these understandings into a cohe-
sive and more complex understanding.

In science itself this could include an emphasis on the expertise of scientists in their 
fields, and recognition of the role of scientific expertise in both scientific discovery and as 
a social good (Grundmann, 2017). Scientists are called to engage in collaborative discourse 
with social and political agents, not creating a space where science is inherently political 
but rather acknowledging that science is a site of politics (Brown, 2015). Recognition in 
this paradigm of science must also be given to non-scientist expertise and the value of 
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practical knowledge in discovery and problem solving (Grundmann, 2017; Watson, 2020). 
Instead of viewing scientists as either removed, unquestioned experts or biased, untrust-
worthy agents, I argue that critical realism as a paradigm of science positions scientists as 
experts in theoretical knowledge that can work together with others in service to the public 
as well as engaging in basic scientific research.

The public non-expert role in science becomes one of consumer and stakeholder, keep-
ing scientists accountable and maintaining integrity, while also defining who is an expert 
and who is not (Collins, 2015; Collins & Evans, 2002; Watson, 2020). Research, espe-
cially when it is funded by public dollars, is understood as a form of social or public good 
(Beebeejaun et  al., 2015). Given this understanding, scientists need to account for the 
social implications and ethical impacts of their research and discussions of their findings 
(Weinstock et al., 2017). Instead of considering science as doing research on the natural 
processes or environments in communities, wave three science could ask scientists to do 
research with communities and share power and decision making in that process (Beebeejaun 
et al., 2015; Weinstock et al., 2017). Additionally, the non-expert public is called to have a 
foundational knowledge about science in what is often termed “critical scientific literacy” 
so they can function as an informed consumer of scientific research and processes (Wein-
stock et al., 2017).

3  Critical Realism as Framework

Critical realism is relatively new to the field of philosophy and is often presented as a 
response to postmodernism and a critique of positivism (Bhaskar & Lawson, 1998; López 
& Potter, 2005). Presented as both ontology and epistemology, critical realism argues for 
an ontology of transcendental realism and an epistemology of relativism and rationality in 
an understanding of the multiple strata of reality and how we as humans interact with and 
experience the empirical world (Bhaskar, 1998; Scott, 2010). Transcendental realism is a 
key tenet of critical realism that gives recognition to the tension that exists between objec-
tive positivism and postmodernism. Specifically, transcendental realism argues that there is 
a natural reality, with its own laws and systems that exist regardless of human interaction. 
Science and empirical experimentation are understood as the human activity that allows us 
to explore this natural reality. However, human activity in science and exploration should 
not be understood as a way to know all of natural reality, as we both interrupt nature due to 
the activities of science, and can only experience one portion of the natural reality in any 
given empirical activity (Bhaskar, 1998; Bhaskar & Lawson, 1998). In this way, human 
activities and explorations in the natural world can be seen from two directions: the intran-
sitive view of reality and the transitive view of human experience (López & Potter, 2005). 
The intransitive view of reality understands that things are what they are, and reality exists 
with its own characteristics and natural laws, whether we as humans have discovered them 
or not (Bhaskar, 1998; López & Potter, 2005). However, the transitive view of human expe-
rience also acknowledges that our understanding and knowledge of the natural world are 
fallible and relative to our experiences, and therefore reality transcends human experience, 
thus transcendental realism (Bhaskar, 1998; López & Potter, 2005).

In critical realism, “reality” is understood to be made up of multiple strata: the 
domain of the real, the domain of the actual, and the domain of the empirical (Bhaskar, 
1998; Bhaskar & Lawson, 1998). The domain of the real is the strata of natural reality, 
made up of the causal mechanisms and natural laws that provide the foundation and 
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underpinning of the world. The domain of the actual is the full scope of human events 
and experiences of reality, both what a specific individual has experienced and all the 
experiences of other humans that any one individual would not necessarily be aware 
of. Finally, the domain of the empirical contains the specific experiences one individ-
ual has; the lived reality of a human where empirical data can be collected, but which 
is limited to only that one individual’s interpretation and context.

There are two important points to make here in connecting this understanding of 
reality in critical realism to science and ultimately science education. One, this under-
standing of reality and human experience makes true that events which humans expe-
rience are not the full measure of reality. Things that have not been experienced and 
causal mechanisms that have not yet been discovered are still a key part of this under-
standing of reality (López & Potter, 2005). Gravity does not exist because humans 
discovered this natural law, and the imperfect human understanding of gravity is not 
the sum of the real mechanism itself. Human understanding gives us ways to discuss 
and understand the natural world, but it is not exhaustive of all reality. Two, scientific 
exploration and experimentation in critical realism can be seen as both a search for 
the causal mechanisms and natural laws that make up lived reality, and an imperfect 
understanding of reality limited by human experience and social systems (Bhaskar & 
Lawson, 1998; López & Potter, 2005). Reality can be understood as a closed system, 
in that all the natural laws and causal mechanisms that make up the world, whether we 
know them or not, exist and interact in a system with each other. However, humans 
operate in an open social system, and scientific experimentation is an attempt to close 
that system to explore natural laws, but this is by nature susceptible to human and 
social interference.

Critical realism can then be seen as a philosophy that holds in tension the positiv-
ist assertion that there is a reality, the post-positivist stance that humans can attempt 
to uncover this reality but also acknowledge that human understanding will be flawed 
and contain both truth and error, and the postmodern understanding that experiences 
of reality are relative and must be considered within the social and physical context 
(Bhaskar, 1998; Bhaskar & Lawson, 1998; López & Potter, 2005). Like postmod-
ern understandings of science, critical realism supports that scientific knowledge is 
a social process that is influenced by social pressures and is relative to the humans 
involved (López & Potter, 2005; Yucel, 2018). However, critical realism also argues 
that this understanding of cultural and historical context in science does not also mean 
there is no shared reality or natural law to be discovered, an idea from wave one sci-
ence study (Yucel, 2018). Humans engaging in scientific experimentation and explo-
ration will sometimes be wrong, but empirical knowledge compiled across multiple 
human experiences, both in formal science settings and informal community settings, 
creates a collaborative accumulation of human knowledge of the domain of the real 
(Bhaskar, 1998; Forsyth, 2005; López & Potter, 2005). Formal science can thus be 
seen as a rational and rigorous exploration of empirical experiences, refining our col-
lective knowledge and human experiences of the domain of the actual (López & Pot-
ter, 2005). Science educators are then tasked with both teaching what is believed to 
be true currently about the domain of the real and providing space for understanding 
the rational and critical aspects of human impact on science from the domains of the 
actual and the empirical. In this way, critical realism can operate as an ontology and 
epistemology of science education.
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4  Science Education Across the Paradigms of Science Study

4.1  Positivistic Science Education

Science education grounded in the positivist paradigm mirrors the wave one science study 
conception, focusing predominantly on teaching empirical science and logical inference. 
Students in this paradigm were taught that all science is a search for truth and objective 
fact, and no real discussion was given to the reality of scientists as humans with biases in 
their interpretations and decisions (Collins, 2015). School science was seen as a small-
scale experience of real science, with significant investment from the federal government 
to see science curriculum written and implemented to teach students how to do “real” 
science (Yee & Kirst, 1994). In the USA, the National Science Foundation was founded 
during this period of thought, and over $100 million dollars were funneled through col-
leges and universities to develop science education curriculum and train teachers in provid-
ing these lessons to K–12 students. Scientists in higher education were positioned as the 
experts of science curriculum development, and science education shifted from local and 
student interest driven curriculum to focus on a broader understanding of scientific princi-
ples and processes (Collins, 2015; Yee & Kirst, 1994).

4.2  Postmodern Science Education

The paradigm shift from positivism to postmodernism in science education, like wave two 
science study, also showed a shift away from a search for objective “truth” and towards an 
emphasis on interpretation, as well as more negative views of scientists and their work. 
However, it could be argued that this shift in paradigm for science education, and possi-
bly science study itself, would be better positioned in the ongoing argument between posi-
tivism and postmodernism, instead of as being a movement explicitly to postmodernism 
(Makenzie, et al., 2014). A focus on scientific processes and content knowledge does not 
disappear, and in fact the increase in standardized assessment during wave two seems to 
further emphasize these elements of science education.

4.2.1  Lingering Positivist Ideals

In American education policy, the 1983 report “A Nation at Risk” highlights early concerns 
in this period as positivist grounding for science education was fading and the focus was 
shifting to a fear of the USA falling behind other countries in areas of science and technol-
ogy. In education there was a concern that overemphasis on “elite” students had resulted in 
an overall reduction of scientific knowledge, and a call was made for science education to 
refocus on the needs of all students (Kormondy, 1985). Additionally, there was a shift in 
perspective on the science teacher, with a call for more “qualified” teachers to teach math 
and science curriculum, asking teachers to be science experts themselves before teaching 
others (Kormondy, 1985; NSBC, 1983). Later legislation in this paradigm shift, such as 
No Child Left Behind (NCLB) Act of 2001 (2002), continued this focus on “qualified” 
teachers, though the definition has shifted or been undefined at different points in time. 
Oversight and accountability moved increasingly to the federal government, with less local 
and state control of standards for education and qualifications of teachers. In many ways, 
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education policy continues to focus on positivist ideas such as shared standards for curricu-
lum, objective assessments of knowledge, and judgments of quality for teaching based on 
credentials and performance.

In science education broadly, continued positivist practices that were the foundation of 
wave one science study can be seen in the focus on preparation for assessment due to edu-
cational policy requirements. Preparing students for testing impacts the types of content 
teachers focus on as well as the classroom practices they use (Hollingworth, 2007; Pedulla 
et al., 2003; Solley, 2007), and in science specifically this often results in a focus on objec-
tive science facts that can be easily assessed. Content knowledge focused on laws of sci-
ence or evidence pulled from data takes precedence in this focus, though the goal is not 
so much discovery and understanding of scientific principles as it is memorization of key 
points and identification of ideas (Gilbert, 2013; Pedulla et al., 2003; Solley, 2007). Some 
aspects of science teaching align with this focus, such as pre-packaged lab experiment kits 
(sometimes known as lab-in-a-box) that set students up to “find” the already known “right” 
answer (Collins, 2015; Furtak, 2006; Hofstein & Lunetta, 2004). Inquiry and experimenta-
tion in the classroom are therefore not a micro experience of real science, but rather a mim-
icry of real science that often fails to meaningfully engage students in true exploration and 
decision making (Bevins & Price, 2016; Gilbert, 2013).

4.2.2  Increasing Postmodern Ideals

However, science teaching practice did not always follow this focus on standardization and 
positivist or post-positivist conceptions of “truth” and instead can be seen to shift further 
to postmodern techniques, the changes implied in wave two understandings of science. The 
US National Research Council (1992) published a summary on their perception of science 
education standards that claimed a postmodern view of the nature of science. This same 
orientation can be seen in much of the research and curriculum development scholarship 
since that time (Mackenzie et al., 2014; Mansour, 2009). Science education was refocused 
on the interests of students and local populations, while still engaging in the broader under-
standings of science content and inquiry processes. Students were taught the understood 
evidence of science, but new emphasis was given to bias and interpretation in science, and 
“facts” were now presented as questionable depending on how they were originally sup-
ported (Mansour, 2009).

A shift in pedagogy and instructional practice in science education to align with the 
postmodern approach can also be seen in specific instructional strategies emphasizing 
reasoning to support scientific claims such as Claims-Evidence-Reasoning assignments 
(CERs; Meacham, 2017; McNeill & Martin, 2011), or emphasizing critical discourse in 
Socratic seminars and debates (Chowning, 2009; Griswold et al., 2017). These two strate-
gies in particular are of interest in this conversation due to their close alignment with post-
modern teaching strategies, emphasizing student development of their own knowledge and 
their ability to share this knowledge with others. However, these two are also of interest as 
they highlight one of the limitations of a strong postmodernist approach to education, in 
that there is little focus on being factually correct in the way these activities are typically 
implemented in the classroom.

For example, CERs ask students to make a claim, support their claim with evi-
dence, and provide their reasoning or thought process (Meacham, 2017; McNeill & 
Martin, 2011). However, the way these assignments and associated rubrics are usually 
designed, it is absolutely possible for a student to make a claim that is actually false 
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scientifically, present evidence that supports their particular claim (and ignore other 
evidence or accepted scientific facts), and provide their reasoning on why this evidence 
supports their claim. While a science teacher can catch this error and make corrections 
about misconceptions, the form of the assignment itself emphasizes personal percep-
tions of evidence and reasoning over developed and accepted scientific evidence and 
fact. Often no instructions are given to cite scientific sources in the assignment, and 
no space on the rubrics for these assignments provides any evaluation of the actual 
scientific facts associated with the topic. Socratic seminars in science sometimes fall to 
a similar failing, especially when rubrics for grading students in Socratic seminars are 
focused only on participation and students asking or answering questions (Chowning, 2009; 
Griswold et al., 2017), not on being factually accurate or correct in their answers, or 
providing evidence connected to known scientific knowledge. Well-designed Socratic 
seminars can help students build their argumentation skills and build consensus among 
the class on a topic of discussion, but often this is not the way these activities are being 
implemented in science classrooms.

The de-emphasis on positivist conceptions of science education has arguably gone 
too far in these examples, setting up the situations discussed in postmodern paradigm 
science denial where each individual’s opinion and evidence are rated as being equally 
valid in comparison to scientific evidence supported by best practices in scientific 
inquiry. That is not to say these particular assignments have created the anti-science 
problem in modern society. Rather, as said earlier, the argument here is that these 
assignments are developed and implemented within the broader epistemology of post-
modern science education, which has arguably moved away from a grounding in sci-
entifically supported evidence and therefore provides the framework for science denial 
and mistrust (Mackenzie et al., 2014).

4.3  Shifting to Critical Realist Science Education

My discussion so far implies further work for science education in the current para-
digm shift: developing a foundational critical scientific literacy in all students, while 
also allowing for those interested in science as a profession to develop their knowledge 
towards post-secondary goals. Modern science education benefits from an epistemo-
logical frame that allows for both a focus on objective truths and knowledge of science 
(traditionally wave one positivism) and a realization of the human impacts and influ-
ences on scientists and the social role of science (traditionally postmodernism in wave 
two science). In developing an understanding of this paradigm of science education, I 
argue that critical realism can serve as a framework for what and how educators can 
teach science. Critical realism is uniquely designed to provide grounding for the exist-
ence of multiple experiences of reality in science, while still holding the premise that 
there are causal mechanism and natural order that underlie our human experience that 
is the ultimate goal of scientific exploration (Bhaskar, 1998; Yucel, 2018). Modern sci-
ence education needs to hold true that empirical evidence and logical reasoning matter, 
while also acknowledging interpretation of evidence and reasoning is human depend-
ent and not neutral by nature. Critical realism as a paradigm shift is one way of sup-
porting these two seemingly contradictory statements that may provide a meaningful 
framing for those engaged in the work of science education, especially when arguing 
for changes in policy or seeking support from administration.
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5  Critical Realism Applied to Science Education

In discussing wave three science education, Collins (2015) argues that science educa-
tors should teach students to value scientific expertise while also holding it account-
able. He positions science as a calling that must be understood as a collective process of 
inquiry and exploration, with professional standards and transparent practices. Unethi-
cal or biased science is presented as “bad” science, and the focus in education is under-
standing what “good” science is and how the field of science at large works together to 
pursue discovery and achieve consensus (Collins, 2015). Weinstock et al. (2017) argue 
that science education is currently not effectively teaching students how to do science, 
but rather mimes science. Science education, in their thinking, should instead focus 
on critical scientific literacy: teaching students about collaboration and the search for 
knowledge that is connected to real world problems and decision making. For instance, 
instead of presenting canned lab assignments as if they are a model of real science and 
inquiry, I posit that science education grounded in critical realism asks teachers to pro-
vide students a better understanding of what the work of science really is in professional 
practice, and allow students to experience failure, unknown answers, requirements for 
critical thinking, and collaborative engagement with science. The challenge in a lab 
assignment often becomes one of time, as the need to move quickly through a lab and 
the related written report has to be balanced with time for reflection and critical think-
ing. Science educators should consider creating at least one lab experience in a class 
that gives students permission to ask questions and not know answers, without resulting 
in a “failing” grade. Unlike prior conceptions of science education, this framing of sci-
ence education would be positioned as a systematic process of discovery and inquiry 
that relies on professional collaboration and transparent practices in working with and in 
society, instead of a search of objective “truth” (Collins, 2015; Weinstock et al., 2017).

This paradigm shift in science education focuses on the balance between a search 
for positivist objective truth or scientific knowledge on one side, and an understand-
ing of postmodern human lived experiences and social impact of scientific discovery 
on the other side. However, critical realism as a framework for science education can 
also guide the conversation beyond the push and pull of positivism and postmodernism, 
and provide grounds for important ongoing conversations about scientific knowledge 
and expertise, and how students should value and recognize different forms of knowl-
edge (Bhaskar & Lawson, 1998; López & Potter, 2005; Yucel, 2018). Understanding 
that humans all live in the domain of the empirical in any given moment, and that the 
domain of the actual can be understood as collective experiences of the world that are 
connected to but not exhaustive of the domain of the real, science is positioned as a 
process and profession that seeks to understand the natural world in the domain of the 
real, though always imperfectly as we are only able to pull from our collective empirical 
experiences in the domain of the actual (Bhaskar, 1998).

Beyond the imperfect nature of human knowledge and experience, critical realism 
also provides grounding for the understanding that human experiences in the domain 
of the empirical are going to be different due to context and place in time and space. 
Science that is driven only by one perspective or understanding of reality is there-
fore by nature going to be flawed. Science education in a framing of critical realism 
must provide an understanding for students that empirical exploration of science is 
always limited by human context and impacted by human behavior, but the underpin-
ning of the domain of the real with natural laws and causal mechanisms still exists 
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and functions with or without our human knowledge and discovery (Bhaskar, 1998; 
Forsyth, 2005).

Science grounded in critical realism engages in both empirical and lived experience 
research, collecting data on our own empirical experiences of reality as an individual 
and collecting data from across human experience of empirical events where possi-
ble to capture other lived experiences of reality (Forsyth, 2005). This clearly connects 
to the modern science perspective on collaborative inquiry and consensus building (Collins, 
2015; Weinstock et  al., 2017), but also goes beyond that initial argument to high-
light community and cultural knowledge that should be a part of developing scientific 
knowledge in a critical realist conception of science (Forsyth, 2005; McKittrick, 2021). 
While inquiry-based learning and science inquiry broadly have become hallmarks of 
modern science education, there have been varying levels of success in implementa-
tion (Bevins & Price, 2016; National Research Council, 2000). Critical realism as a 
framework for science education requires an understanding that the natural and social 
sciences are connected as spaces of human knowledge and experience, all of which 
represent imperfect but meaningful experiences of the natural world and mechanisms 
of reality (Bhaskar, 1998; McKittrick, 2021). Separating these aspects of human expe-
rience into silos and treating natural science as somehow more objective or removed 
from human experience than social science is a false dichotomy that no longer makes 
sense in a science education paradigm defined by critical realism. The understanding 
of experimentalism that humans can replicate a closed system in controlled study is 
not realistic, and critical realism provides a clear argument that human interaction will 
always impact understandings of the domain of the real (Bhaskar, 1998; Bhaskar & 
Lawson, 1998).

Instead of seeking to teach students about science as objective truth or a system-
atic process of inquiry removed from the social world, science education now needs to 
engage in what Forsyth (2005) calls “hybrid science,” an essential connection between 
formal scientific experimentation and the historical knowledge of communities and 
individuals that has been ignored or oppressed in the search for objective scientific 
truth (McKittrick, 2021). But in this often-postmodern presentation of the contextual 
nature of science and knowledge, critical realism also reminds us to not lose sight of 
the natural reality that does underpin all of human experience. As argued previously, 
humans did not create gravity when they put a name to it and reached consensus on its 
nature. And conversely, gravity in the current flawed human understanding of the natu-
ral principle is not the sum total of its real function and causal mechanisms. Our under-
standing of gravity neither makes it real or means it does not exist; our understanding 
is the collective consensus of human experience and empirical data, but gravity itself 
is not dependent on our understanding nor limited to what we know of it. Science edu-
cators can teach students what science currently believes to be true about gravity and 
its function, while acknowledging what we do not yet know about gravity and clarify-
ing that this principle will be updated when the field knows more. In application, this 
could mean that when science educators are developing lessons on topics that relate to 
the local community (i.e., environmental concerns, public health, city infrastructure 
and development), they should consider inviting contributions from keepers of histori-
cal and community knowledge in addition to formal science experts. By diversifying 
who is considered an expert on a topic, science educators can guide their students in 
developing modern understandings of what it means to be an expert (Watson, 2020).
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5.1  Teaching Science Grounded in Critical Realism

Critical realist science education therefore needs to provide space for teaching both arbi-
trary and non-arbitrary science knowledge: what is currently known about the domain of 
the real from experiences and empirical data, and an understanding of experiences in the 
domain of the actual and human impacts on developed knowledge (Matthews, 1998, 2012; 
Scott, 2010). Our modern scientific practices and processes for inquiry and the understand-
ing of the natural world reached through professional study and consensus should be pre-
sented as non-arbitrary knowledge (Collins, 2015; Scott, 2010). Human impact on science 
and the process of discovery and developing or new understandings of the natural and 
social world should be presented as arbitrary knowledge, subject to update and critique as 
knowledge is developed and adjusted over time and across experts and contexts (Forsyth, 
2005; Scott, 2010). Non-arbitrary knowledge would be seen as the foundational component 
of the science education curriculum, while arbitrary knowledge is taught with an under-
standing of the changing and social nature of science impacted by human decisions and 
social systems (Scott, 2010).

As the argument is for critical realism to function as a framework for modern science 
education, it follows that this understanding should align with the current understanding of 
the nature of science. Therefore, I am connecting critical realism as a framing for scienced 
education to the National Science Teaching Association (NSTA, n.d. and the Next Gen-
eration Science Standards (NGSS, 2014) both position the nature of science around eight 
principles or beliefs:

1. “Scientific Investigations Use a Variety of Methods;
2. Scientific Knowledge Is Based on Empirical Evidence;
3. Scientific Knowledge Is Open to Revision in Light of New Evidence;
4. Science Models, Laws, Mechanisms, and Theories Explain Natural Phenomena;
5. Science Is a Way of Knowing;
6. Scientific Knowledge Assumes an Order and Consistency in Natural Systems;
7. Science Is a Human Endeavor; and
8. Science Addresses Questions About the Natural and Material World.”

Some of these principles can be understood as elements of the non-arbitrary science 
curriculum, while some might be better argued as components of the arbitrary science cur-
riculum, though this distinction is not perfect (see Table 1). For instance, elements of prin-
ciple 8 might be considered non-arbitrary, in addressing inquiry about the natural world. 
However, my primary argument is that these accepted principles of the nature of science 
in current science education practice can align with critical realism as an epistemology 
of science education in prioritizing the teaching of non-arbitrary scientific knowledge and 
processes, and the arbitrary human impact and changing understandings of science.

5.2  Non‑Arbitrary Knowledge: Seeking the Domain of the Real 
through the Empirical

Non-arbitrary knowledge in science education is historically the foundation of the science 
curriculum, especially in positivist paradigm science education. This knowledge includes 
both the processes of inquiry and experimentation in science, and the foundational laws, 
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mechanisms, models, etc. that underpin our current understanding of the natural world. 
Teaching non-arbitrary knowledge under critical realism paradigm science might be best 
understood as teaching critical scientific literacy, as students should have an understand-
ing of the work of science including experimentation and research, writing about scientific 
inquiry, reading and referencing scientific texts, presenting on developing understandings 
and results of inquiry, and collaborating with others to reach consensus and share knowl-
edge (Bevins & Price, 2016; Gilbert, 2013; Mody, 2015). While inquiry in science educa-
tion is by no means a new conception, recent critiques of inquiry in the science classroom 
have pointed out the tendency to reduce inquiry to linear rules and processes divorced 
from critical thinking and creativity (Bevins & Price, 2016; Gilbert, 2013). This reduces 
the true nature of scientific inquiry in ‘real’ science to a mimicry of science, a critique of 
postmodern science education that we are trying to move past in a critical realism fram-
ing (Collins, 2015; Weinstock et al., 2017). There is value in helping students understand 
the content knowledge of science, including the current understanding of natural laws and 
causal mechanisms that make up the domain of the real (Bhaskar, 1998; Scott, 2010), but 
positioning this with more connections to the real work of science in inquiry driven by 
creative and critical thinking is an important shift in teaching practice.

Instead of always engaging students in an inquiry project or lab where the end result 
is already known, consider what would change if science educators designed inquiry pro-
jects around questions that are not yet answered in science. How could students use current 
understandings of science and the natural world to explore and imagine what might be 
possible in an undefined problem, and how could students explore or test these unknowns 
in a true scientific inquiry process (some resources on these unknowns in science: Cahn, 
2020 ; Gottlieb-Cohen, 2019; Haloupek, 2019). To be clear, I am not arguing this approach 
should replace all inquiry projects in science, but instead that this could be included as 
a single project or module on “the search for the unknown in science,” or an extension 
activity added on to other well-defined projects. Additionally, how could the science and 
inquiry curriculum be more directly connected to the work of science in tasks like acquir-
ing needed materials, collaborating and networking with experts, or dealing with failure or 
rejection and looking for new avenues or resources for next steps (Mody, 2015). Develop-
ing authentic inquiry in science classrooms is not easy, and it is not particularly supportive 

Table 1  Non-arbitrary and arbitrary principles of the nature of science

Nature of science principles from NSTA (n.d.), non-arbitrary and arbitrary knowledge definitions adapted 
from Scott (2010)

Non-arbitrary science principles Arbitrary science principles

Defined as scientific practices, inquiry processes, 
and shared understandings of the natural world

Defined as human impact on science and developing 
or new understandings of the natural and social 
world

Scientific Investigations Use a Variety of Methods Scientific Knowledge Is Open to Revision in Light of 
New Evidence;

Scientific Knowledge Is Based on Empirical 
Evidence

Science Is a Way of Knowing;

Science Models, Laws, Mechanisms, and Theories 
Explain Natural Phenomena;

Science Is a Human Endeavor;

Scientific Knowledge Assumes an Order and Con-
sistency in Natural Systems;

Science Addresses Questions About the Natural and 
Material World
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of the traditional models of education delivery and assessment (Bevins & Price, 2016; 
Gilbert, 2013), but I argue engaging in authentic inquiry is needed for students to truly 
develop critical scientific literacy and an understanding of non-arbitrary science in pursuit 
of the domain of the real.

5.3  Arbitrary Knowledge: Understanding the Domain of the Actual

In considering how to best teach non-arbitrary science in the classroom, science educa-
tors must also consider how to infuse arbitrary knowledge and thinking into this same cur-
riculum; not as a side component or extension of a lesson, but as an integral part of devel-
oping critical scientific literacy and an understanding of the nature of science grounded 
in critical realism (Bhaskar, 1998; Scott, 2010). While science has a series of tools and 
processes that are generally used in inquiry, science is also by nature messy and embraces 
uncertainty (Mody, 2015). Students need to learn how to acknowledge what they know and 
what they do not yet know without penalty, providing evidence beyond their own experi-
ence to support their thinking and develop consensus, or adjust their understanding with 
new knowledge. Current science education practices discussed previously like Claims, 
Evidence, Reasoning assignments (CERs; Meacham, 2017; McNeill & Martin, 2011), 
and Socratic seminars (Chowning, 2009; Griswold et  al., 2017) are designed to support 
these components of student learning. However, without connecting these assignments to 
non-arbitrary knowledge, such as requiring students to cite scientific sources that support 
their arguments, and subjecting their understanding and argument to review against shared 
knowledge, this practice is still a mimicry of scientific practice in the real world.

For CERs, think about how the student experience might change if a requirement is 
added for scientific citations to the evidence component of the rubric, and the claim com-
ponent is subject to review against shared knowledge of the concept of interest. To bal-
ance the arbitrary and non-arbitrary aspects of science education, science educators need to 
emphasize scientific fact and shared knowledge in the development of critical thinking and 
crafting arguments. The goal of CERs is at least partially to understand how arguments are 
built with a claim and provided evidence, but more structured guidance for students should 
be provided to apply critical scientific literacy to what evidence is selected and how reason 
is applied to the claim. For Socratic seminars, valuing the process of critique and participa-
tion in the conversation is important and already an integral part of the process. However, 
students should also be expected to provide concrete evidence to support their claims, and 
the evidence should either be acknowledged as limited to individual empirical experience, 
or be presented as developed from scientific expertise using a reference to existing sources. 
The leader of the Socratic seminar should also be prepared to critique and push for clar-
ity in argumentation, and to consistently summarize and update the shared knowledge of 
the topic throughout the seminar to model scientific conversations. Arbitrary knowledge in 
science does not exist in a vacuum disconnected from non-arbitrary knowledge, and con-
necting these aspects of the curriculum is a key component of the development of critical 
realism as an epistemology of science education.

Curriculum on arbitrary knowledge in critical realism paradigm science education 
should also engage in the work of decolonizing what is known about science, and con-
sidering what is truly non-arbitrary knowledge and what should be better understood as 
arbitrary ways of knowing that are dependent on human activity and context. Science edu-
cation in positivist paradigm science, and often in postmodern paradigm science, rarely 
presented other ways of knowing and understanding science beyond the European or 
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western model (Aikenhead & Ogawa, 2007; McKittrick, 2021; Gilbert, 2013; Harding, 
2016). Some aspects of the curriculum that we might consider non-arbitrary in traditional 
science would be better understood in a decolonizing lens as inherently connected to Euro-
pean knowledge development, grounded in colonialism and/or capitalism (Gilbert, 2013; 
McKittrick, 2021). If you are planning a lesson or module on a local issue for students to 
explore, think about what might change if you invited local or historical knowledge experts 
to the conversation in addition to traditional science experts and resources. Critical realism 
argues for an understanding of science and epistemology that considers context and human 
impact on what is known, and this is directly applicable to even seemingly non-arbitrary 
aspects of science (Bhaskar, 1998; Scott, 2010). We can only attempt an understanding 
of the domain of the real through development of shared knowledge in the domain of the 
actual, and that is not limited to only one version of truth or way of knowing. Experts from 
multiple ways of knowing across the domain of the actual should be given space in devel-
oping our understanding of the natural world in exploring the domain of the real in science 
education grounded in critical realism.

6  Conclusion

Science and science education have shifted throughout history in response to changing phi-
losophies of how we can know the natural world and develop scientific knowledge. From 
the positivism dominant wave one to the postmodern critiques in wave two, science educa-
tion has responded with a constant focus on trying to effectively teach students about the 
natural world and the human derived laws and principles that define our understanding 
of science. In this article, I have argued for the place of critical realism as a paradigm for 
wave three science education, providing a framework that can hold in tension the goal of 
discovering what is “real” about the natural world with an awareness of the human and 
social impact on our understanding in the actual world. Additionally, I have presented spe-
cific examples of the application of critical realism as a framework for science education, 
connecting the tenets of critical realism to principles of the nature of science and teaching 
strategies such as inquiry learning, CERs, and Socratic Seminars. For those whose job it 
is to teach, critical realism is presented as a way of thinking about the science curriculum 
at multiple levels, including recommendations on how to teach the nature of science in 
both arbitrary and non-arbitrary forms and support students in developing a critical sci-
entific literacy and understanding of the “real” work of science. This is not presented as a 
completely new way of teaching science, but instead is intended as a new framing for talk-
ing about and evaluating science education practice. In the continuous shift of paradigms 
and practice, critical realism provides a model for science education that values both non-
arbitrary and arbitrary content in science, and guides educators to prioritize both aspects of 
the curriculum and ensure the direct connections between the two sides are made clear for 
students.

Future research could explore curriculum development grounded in critical realism and 
study the effectiveness of curriculum designed in this way. Additionally, explorations of 
the student understandings of science under this paradigmatic conception would help test 
the usefulness of this idea in practice. Teacher educators and those providing professional 
development should also consider what wave of science education they are supporting, and 
whether critical realism might give them an additional lens to think about their materials 
and support for teachers. Finally, curriculum and science education materials provided to 
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students could be evaluated, considering what version of science is being taught in current 
curriculum and where other elements of knowing in science can be infused into the exist-
ing curriculum to broaden our students’ understanding of what is “real” about science.
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