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THEORETICAL PAPER

Beyond Construction: Five arguments
for the role and value of critique in
learning science

J. Bryan Hendersona∗, Anna MacPhersonb,
Jonathan Osborneb and Andrew Wildb
aArizona State University, Mary Lou Fulton Teachers College, Tempe, AZ, USA;
bStanford University, Graduate School of Education, Stanford, CA, USA

This paper argues that science education has overemphasized the importance of construction at the
expense of critique. In doing so, it draws on two key premises—Ford’s argument that the
construction of knowledge requires a dialectic between construction and critique and Mercier and
Sperber’s theory of argumentative reasoning that critique is essential for epistemic vigilance. Five
separate cases are presented which argue that the absence of critique within school science limits
the opportunities for students to engage in scientific reasoning making the learning of science less
effective. These five arguments incorporate research literature surrounding the nature of science,
epistemology, literacy, pedagogy, and motivation. Furthermore, we draw on data collected from
cognitive think-aloud interviews to show that students can, with the appropriate prompts, engage
in the important epistemic activity of critique. We conclude by examining the implications for the
teaching and learning of science. In essence, we argue that the undervaluing of critique within the
curriculum and pedagogy of school science results in a failure to develop the analytical faculties
which are the valued hall mark of the practicing scientist; a misrepresentation of the nature of
science; and, more importantly, a less effective learning experience. Critique, therefore, needs to
play a central role in the teaching and learning of science.
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Overview

This paper argues that science education has overemphasized the importance of con-
struction at the expense of critique. In doing so, it draws on two key premises—Ford’s
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(2008) argument that the construction of knowledge requires a dialectic between con-
struction and critique and Mercier and Sperber’s (2011) theory of argumentative
reasoning that critique is essential for epistemic vigilance. Using these, it argues that
the absence of critique within school science limits the opportunities for students to
engage in scientific reasoning making the learning of science less effective. We begin
our argument with an explication of what we mean by the goal and nature of critique.
We then consider the reasons for why critique has historically been absent in the teach-
ing of science, pointing to factors such as the hegemony of assessments that ask stu-
dents to display the right answer rather than explain why a given answer might be
wrong, or to evaluate which is the better of two differing interpretations of the same
data set.
We then seek to show that there are five distinct cases for engaging students in cri-

tique. First, the case emerging from the work of cognitive historians of science that
scientific practice can be seen as a history of ‘vision and argument’ (Crombie, 1994,
p. 3). In the development of our current scientific understanding of the material
world, critique has played an essential role in identifying the flaws in a long list of scien-
tific ideas such as Ptolemy’s geocentric universe, Lamarckianism, the ether, cold
fusion, phlogiston, spontaneous generation, and many other popular ideas. Second,
there is the epistemic case that critique is an essential element in the process of knowl-
edge construction. In short, knowing why the wrong answer is wrong in academic dis-
course can be just as important as knowing why the right answer is right. Even more
fundamentally, as Mercier shows, ‘everyday reasoning favors decisions that are easy
to justify but not necessarily better’ (p. 57). This is particularly true in the case of
science where many of the ideas are unfamiliar or unnatural and not self-evident. Cri-
tique is, therefore, an essential mechanism for identifying flawed reasoning. In
addition, there is a moral argument that students have an right to know the epistemic
justification for the ideas that we wish them to believe and why other ideas may be
flawed—something which only the open practice of critique can achieve.
Third, there is the case to be made from a literacy perspective that the effective

reader is a critical reader who sees reading as an act of inquiry into meaning—that
is, meaning can only be built by interrogating the text. Fourth, there is a pedagogical
case that more effective teachers of science know the common conceptual obstacles
that students have, and use the differences between students’ ideas and the scientific
idea to initiate a discussion that ultimately leads to better understanding. Critique
exposes student thinking making it visible to the teacher providing valuable feedback
about the nature of student understanding. And, as Hattie (2008) argues in his seminal
book Visible Learning:

When teachers seek, or at least are open to, feedback from students as to what students
know, what they understand, where they make errors, when they have misconceptions,
when they are not engaged—then teaching and learning can be synchronized and power-
ful. Feedback to teachers helps make learning visible. (p. 173)

Fifth, and finally, there is an affective case that science learning environments promot-
ing a spirit of critique can bemoremotivating for students than instruction centered on
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teacher construction of normative explanations. When science is presented as an
unequivocal and unquestionable body of knowledge, students lose motivation to
actively pursue truth choosing instead to passively assimilate answers to questions
they never asked.
We then draw on data that we have collected from cognitive think-alouds of assess-

ments that explore middle-school students’ capacity to engage in critique to show that
students can, with the appropriate prompts, engage in the important epistemic activity
of critique. We then conclude by examining the implications for the teaching and
learning of science. In making this argument, we seek to show that the undervaluing
of critique within the curriculum and pedagogy of school science results in a failure
to develop the analytical faculties which are the valued hall mark of the practicing
scientist; a misrepresentation of the nature of science; and, more importantly, a less
effective learning experience. Critique, therefore, needs to play a central role in the
teaching and learning of science.

The Goal and Nature of Critique

While both construction and critique require the use of argument, critique differs in its
goal. Construction attempts to use argument to defend and support, for instance, an
explanatory hypothesis, the classification of a species, or a particular interpretation of
data or experimental design. Critique, in contrast, must be seen as a process of
interrogation and reasoning which seeks to explore why an argument or explanation
may be fallacious. In that sense, we see critique as the exploration of doubt using appro-
priate bodies of relevant knowledge. In our work, we make an important distinction
between ‘counter-critique’, which is an attempt to identify the errors in the data, war-
rants, and claims of others—and ‘counter-alternatives’, where an attempt to refute an
argument is made by offering an alternate explanatory hypothesis without an explicit
argument as to why it is better (Leitão, 2000). So, for instance, the argument that
global warming is a product of natural variation and not an anthropogenic effect is
simply an alternative hypothesis—in itself an act of construction rather than critique.
It is not an argument that specifically critiques the interpretation offered by the
IPCC that global warming is a product of human activity. This is not to say that
counter-arguments do not have value for envisioning alternative explanatory mechan-
isms. However, the essential test of any scientific idea is its ability to resist counter-cri-
tique (Popper, 1963). Those who wish to undermine the argument for the
anthropogenic cause of global warming must, therefore, show why the data or the
models do not warrant this idea. Likewise, the Ptolemaic model of the Solar System
ultimately failed, not because it was unable to make an accurate prediction of the
movement of the stars (as it did), but because it failed to answer the critique that it
offered no explanation of how Jupiter could have moons orbiting itself rather than
the Earth, and that it lacked the simplicity and parsimony of the Copernican helio-
centric explanation. Counter-critique is, therefore, an essential process to the con-
struction of knowledge.

1670 J.B. Henderson et al.
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Given that the goal of much science education is to help students construct an
understanding of the canonical scientific idea, it might seem perverse to suggest that
students should engage in critiquing ideas that they may not fully understand? More-
over, what value does critique have for learning? Our response is that ideas do not exist
in isolation. Rather they exist in competition with other ideas. In particular, scientific
ideas are ‘not “organized common sense”; rather it [science] is a world which begins to
exist only when common sense and all of its postulates have been forgotten or rejected’
(Oakeshott, 1933, p. 171). Helping students to understand any scientific idea requires
students, therefore, to engage in critique to illuminate why common sense fails. For
instance, the scientific explanation for day and night exists in competition with the
everyday notion that it is the Sun which moves; the idea that plants get most of their
matter from the air is challenged by the notion that they have roots and need to be
watered and fed with nutrients; the idea that all objects fall at the same rate is chal-
lenged by observing what happens when you drop a penny and a piece of paper. As
Quine (1951) pointed out, these examples show that scientific theories exist in com-
petition with other theories—often commonsense intuitive theories which are built
out of our everyday experience (Cromer, 1993; Wolpert, 1992). Hence, the scientific
idea must be argued for. And establishing the case for any given idea depends not just
upon showing why it is right but, in addition, why other ideas are wrong. As Bachelard
(1968) noted, ‘two people must first contradict each other if they really wish to under-
stand each other. Truth is the child of argument, not of fond affinity’ (p. 114). Hence,
it is no accident that research shows better teachers are knowledgeable of the standard
misconceptions that students hold about a particular scientific idea (Kunter et al.,
2013). Drawing on this knowledge, teachers can make explicit the disparate ideas
that students might hold and offer a critique of those that are less scientifically
sound enabling them to better support their students to achieve a robust scientific
understanding (Ogborn, Kress, Martins, & McGillicuddy, 1996).
Moreover, as Mercier and Sperber (2011) have shown in their argumentative theory

of reasoning, counter-critique is the mechanism by which ideas and thoughts are chal-
lenged both interpersonally and intra-personally. In the absence of critique, flawed
reasoning goes unchallenged. Interpersonal engagement in critique is particularly
essential, as individuals are poor at anticipating counter-arguments and generating
rebuttals (Kuhn, 1991; Perkins, 1985). Within science itself, the objectivity of
science is sustained by a community that engages in critical examination of new
ideas and empirical findings (Longino, 1990; Popper, 1963). Peer review can be
seen as the formalization of a process of interpersonal critique.
Likewise, critique is essential to improving the quality of reasoning in the learning

and teaching of science if students are to understand why commonsense reasoning
can be fallacious. However, the significance of critique to science can only be under-
stood and appreciated by providing students the opportunity to engage in critique and to
reflect on its practice. In particular, the entities that are essential to the standard forms of
scientific reasoning are better understood when students are required to use them both
to construct explanations and to critique their own and others’ attempts to reason
scientifically. Finally, as we will show, engaging in critique is essential to the
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development of a deep understanding and the disposition of mind that is the hallmark
of the scientist (Rogers, 1948). Given the central role of critique in science, why then
the overemphasis on construction in science education? And why the absence of
critique?

Why the Emphasis on Construction?

Our basic argument is that the overemphasis on construction in the teaching of science
can be seen as a misconstrual of the nature of the task that confronts the teacher of
science. Science is fundamentally about a set of ideas and theories that offer explana-
tory accounts of the material world. These theories and explanations are essentially the
answer to three core questions (Osborne, 2011):

(1) What is the material world like? (The ontological question)
(2) How can we explain what we observe? (The causal question)
(3) How do we know or how can we be certain? (The epistemic question)

Answering these questions is essentially dependent on six ‘styles of reasoning’ which
have emerged from a cognitive history of science (Crombie, 1994; Hacking, 1992;
Netz, 1999). These are as follows:

(a) The use of mathematics to represent the material world (mathematical deduction).
(b) The use of experiment both to test hypotheses and to explore by observation and

experiment (experimental exploration).
(c) Hypothetical construction of analogical models (hypothetical modeling).
(d) Ordering of variety by comparison and taxonomy (taxonomy).
(e) Statistical analysis of regularities of populations, and the calculus of probabilities

(probabilistic and statistical thinking).
(f) The historical derivation of the genesis of the material world (evolutionary accounts

of origins).

Exposure to these lines of reasoning, the entities they invoke, the procedural knowl-
edge required for their practice, and the epistemic constructs and criteria that legiti-
mate their conclusions is the task confronting the science teacher. The teacher of
science’s challenge can be seen as one of persuading their students of the validity of
the scientific worldview—introducing them to the models that have led to the pro-
duction of the answers that science offers (Osborne, 2001). What, for instance, is
the evidence for the atomic theory? Why do we believe in particles? What reasoning
has led us to invoke the existence of an entity called an atom? What evidence has
led us to the conclusion that it consists of three basic particles—protons, neutrons,
and electrons? In so doing, teachers of science act as the knowledge intermediaries
between science and its students. Typically, they construct for themselves an
‘ethos’, often authoritarian, which they then use to present these scientific ideas to
their students. And, to achieve their goal successfully, they draw on resources for
explanation, be they analogies, metaphors, apparatus, phenomena or texts, to
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construct these new entities and persuade their students to ‘see it my way’—an action
which is quintessentially rhetorical (Millar, 1998). Teachers’ oratory is forensic,
however, in that they, rather than their students, ask questions of nature to ‘invent’
or create the basic entities that are necessary for the scientific worldview such as
atoms, cells, food webs, atomic bonding, and more.
For any individual engaged in such a rhetorical task, particularly when they occupy a

position of an authority, their priority is on ensuring that the idea has been communi-
cated effectively. Scott and Mortimer (2006) argue that such acts are a kind of ‘public
performance’ directed by the teacher who has written a ‘script’ for that performance—
commonly in the form of a lesson plan with specific goals and targets. Such didactic
performance has a long and venerable intellectual history (e.g. Plato, 380 B.C.).
Nevertheless, however much it is scripted, any teaching always involves a measure
of contingency and unpredictability (Erickson, 1982; van Lier, 1996). Generally, tea-
chers attempt to minimize contingency by denying any autonomy of action to their stu-
dents—in particular, by reducing the opportunities for interactive dialog. Instead,
teachers choose to use an authoritative, non-interactive dialog that is dominated by
closed questions with predictable answers. Such discourse is usually initiated by a
teacher question which, in turn, produces a short, phrase-like student response, and
which is then followed by a teacher evaluation. This structure (commonly known as
initiation–response–evaluation (IRE)) enables the teacher to retain tight control of
the discourse (Cazden, 2001; Edwards & Mercer, 1987; Lemke, 1990) and focus
the students’ thinking on the one meaning they wish to communicate. Piaget (1932)
cautioned that this one-sided voicing of authority could be potentially counter-pro-
ductive to the moral development of the child. Furthermore, as Scott and Mortimer
(2006) argue:

… authoritative discourse does not allow the bringing together and exploration of ideas.
Here the teacher focuses attention on the school science point of view. If ideas or ques-
tions, which do not contribute to the development of the school science story, are
raised by students, they are likely to be reshaped or ignored by the teacher. Alternatively,
if a student idea is perceived by the teacher as being helpful to the development of the
scientific story, it is likely to be seized upon and used. (p. 611)

Such discourse is monologic and, by its very nature, closed to the points of views of
others. This is aptly captured by one student in the Osborne and Collins (2001)
study of the student experience of school science:

If you, like, give suggestions they just ignore it and go—‘No it’s written in the syllabus that
you’ve got to do this’. And it’s just kind of fixed upon the syllabus and you’re like, ‘Well
can’t we just find a gap for it?’ And they’re, like, ‘No’. (p. 453)

The emphasis on facts rather than ideas means that teaching tends to become an act of
transmission dominated by the conduit metaphor—that is that science is essentially a
body of well-established knowledge to be ‘got across’ (Reddy, 1979). As Lakoff and
Johnson (1980) point out, such metaphors frame our thinking. In the case of teaching,
the conduit metaphor sees communication as a simple act, where failure is the excep-
tion. The reality, of course, is that communication is a highly complex act where
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success is the exception. When failure occurs, it is explained in terms of a lack of com-
municative competency rather than recognizing that all communication is transac-
tional and that, however good the encoding, the receiver of the message may have a
faulty decoder.
The dominance of authoritative IRE discourse, however, means that there is little

opportunity for students to ask questions—the essential precursor of critique. In
their survey of American classrooms, Weiss, Pasley, Smith, Banilower, and Heck
(2003) found that nationally 69% of classrooms received low ratings for the indicator
‘teacher’s questioning enhanced development of student understanding/problem
solving’. Indeed, only 14% receiving high ratings. Not surprisingly, in classroom set-
tings where students are not encouraged to ask questions, teacher-dominated talk pre-
vails and there is a lack of dialogic or argumentative discourse (Alexander, 2005;
Newton, Driver, & Osborne, 1999; Nystrand, Gamoran, Kachur, & Prendegarst,
1997). For example, Nystrand et al.’s large-scale study of American middle and
high schools showed that classroom discourse was:

overwhelmingly monologic. When teachers were not lecturing, students were either
answering questions or completing seatwork. The teacher asked nearly all the questions,
few questions were authentic, and few teachers followed up students’ responses. (p. 33)

Consequently, it takes a particularly persistent student to break through the values and
norms that are inherent to such a pervasive form of discourse. Ultimately, the failure to
engage in interactive dialog can lead to alienation—possibly best captured in the senti-
ment that: ‘the problem with [school] science is that it gives us answers to questions we
never asked’ (J. Osborne, personal communication, May 15, 2005). In the mind of
many teachers of science then, the science lesson is not a literature lesson where
there are plural interpretations of the meaning of a given text to be explored.
Rather, the scientific idea is the product of a long-established scientific consensus—
a consensus that is not open to interpretation, discussion, or as is the concern of
this paper—critical exploration.

Other Obstacles to Critique

It is not just the common classroom discourse structures that minimize the opportunity
for critique. There is, for instance, the hegemony of right over wrong answers in assess-
ments. Overwhelmingly, science assessments test students’ ability to recognize or
recall the standard scientific explanation. Rarely, for instance, do items ask why an
answer might be flawed. Students are not, for instance, asked what is wrong with an
experimental design, why an interpretation of a data set might be incorrect, or how
to improve a weak explanation (MacPherson & Osborne, 2012; Lomax, West,
Harmon, Viator, & Madaus, 1995). And, given that it is assessments that increasingly
operationalize the constructs that form and frame the goals of the curriculum (Wiliam,
2010), the absence of critique sends a clear message to students about what is valued.
Yet another obstacle lies in the commonly perceived notion that argument is con-

frontational—essentially ‘argument as war’ (Cohen, 1995)—leading students to see
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engaging in critique as a potential source of conflict with their peers (Kuhn, Wang, &
Li, 2011). Within the classroom, critique may then be construed as a source of conflict
which runs the risk of challenging the common rules of social relationships which seek
to minimize conflict (Argyle, Henderson, & Furnham, 1985)—unless, that is, partici-
pants understand that the goal of discourse is not to belittle the individual, but rather
to build a deeper understanding of the idea under consideration which all can share.
Thus, establishing the norms of such discourse is one of the a priori requirements
for good classroom discourse (Mercer, 2000; Michaels, O’Connor, & Resnick, 2008).

Finally, a case can be made that the cognitive architecture of humans is wired in
such a way that critique may be more difficult than construction. The idea that
humans are biased towards confirmation is not a new one. As Bacon (1620/1939)
wrote, ‘It is the peculiar and perpetual error of the human understanding to be
more moved and excited by affirmatives than negatives; whereas it ought properly to
hold itself indifferently disposed towards both alike’ (p. 36). Recent empirical findings
also support the idea that there is a fundamental cognitive bias for confirmation rather
than falsification (Nickerson, 1998). Evans (1989), for instance, argues that the ten-
dency to focus on positive information rather than negative information is due to a fun-
damental cognitive difficulty in dealing with critical information, rather than an
intentional process. Any critique pointing out that information is absent results in it
taking longer to comprehend an idea (Clark, 1974). As a corollary, it takes more
time to evaluate and make inferences from negative premises than positive premises
(Fodor, Fodor, & Garrett, 1975). There is also a tendency to assume that new infor-
mation is truthful rather than false (Clark & Chase, 1972; Trabasso, Rollins, &
Shaughnessy, 1971).
One of the best-known examples of confirmation bias is the Wason selection task

(Wason, 1966), where four cards are presented to the subject. Each of these cards
has a letter on one side and a number on the other, and commonly the cards presented
are E, K, 4, and 7. Subjects are asked to consider the following proposed rule: if a card
has a vowel on one side, then it has an even number on the other side. The subject is then
asked to select which cards need to be turned over to evaluate whether or not the pro-
posed rule is true. Over a large number of experiments (Oaksford & Chater, 1994), the
E-card was selected 90% of the time, which is a logically correct choice given that
finding an odd number on the opposite side would falsify the rule in question. In con-
trast, however, the 4-card (60%) was selected more than twice as frequently as the 7-
card (25%) despite the fact that it is only by turning over the 7-card that the rule can
potentially be falsified (i.e. discovering a vowel on the other side). Simply turning over
the 4-card can only confirm (vowel on other side) and not deny (consonant on other
side) the rule in question.
Given these challenges which can be seen as a mix of common pedagogic practice,

established social norms, and cognitive biases, it might well seem that making the case
for critique would be an uphill, if not futile struggle. We argue that such a view would
be a mistake. In what follows, we offer a series of rationales in no particular order for
why critique matters—both as an essential epistemic crutch for the learner and as a
pedagogic heuristic to enhance the learning of science.
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Five Arguments for Critique

The Nature of Science Case

Any attempt to explain why the material world is the way it is demands the develop-
ment of explanatory hypotheses. When competing hypotheses or models exist—as
they always will (Quine, 1951)—evaluation must take place by establishing which
offers greater explanatory coherence, and which offers greater parsimony (Thagard,
2008). Confronted with competing models or explanations, critical and evaluative
reasoning draws on domain-specific knowledge to make a justified inference about
which ideas are to be believed. A growing body of research that would suggest that
scientific reasoning is fundamentally probabilistic provides further justification for
the significance of evaluation and critique in science (Howson & Urbach, 2006; Oaks-
ford & Chater, 2007). From this perspective, scientific reasoning is best seen as an
inference to the best explanation. This means that the rhetorical task confronting
the scientist is not solely one of convincing other scientists of why their scientific
account is correct, but also one of convincing them of why alternative theoretical
accounts are wrong (Szu & Osborne, 2011). Constructing knowledge then, is not so
much a product of one conception being replaced by another (e.g. Posner, Strike,
Hewson, & Gerzog, 1982), but rather a process of weighing alternates and evaluating
the balance of probabilities between two competing beliefs—in short ‘a dialectic
between construction and critique’ (Ford, 2008). Shifting the balance of individuals’
beliefs, then, is reliant not on the credibility of a single idea (Belief A), but rather, on
the ratio between the strength of evidence for Belief A when compared to Belief B (an
alternative): in short, an assessment of which idea is more probable. As Oaksford and
Chater (2007) argue the consequence is that in the initial stages of the emergence of
any new idea ‘scientific inference is irremediably uncertain’ (p. 76).

Thus, all scientific accounts are the product of the resolution of difference. Argu-
ment and critique are required to resolve the difference between competing visions.
In the case of science, the primary grounds for that resolution are empirical evidence.
Commonly, new ideas in science are characterized by incredulity and are often diffi-
cult to accept. For instance, Andrei Linde, one of the scientists that developed the
idea that the early Universe went through a rapid period of ‘inflation’ said of his
own idea that, if anyone had tried to describe it to him 35 years ago, he would have
answered ‘go home and tomorrow, when you are not very drunk, come to me and
tell me this story again’ (Cookson, 2014). Likewise for the neophyte student of
science, the idea that air has mass, that all matter is made of just 90 elements, or
that objects can continue in motion without a force is contradicted by the evidence
of their senses. Therefore, the real challenge for the teacher of science is not just
one of convincing students of the validity of the standard scientific account but also
one of convincing students that the alternate conception they hold is either flawed,
inadequate or a misrepresentation.
Likewise, the history of science is replete with examples of competing ideas—Ptol-

emy’s epicycles to explain the retrograde motion of the planets versus the Copernican
heliocentric theory; spontaneous generation versus Pasteur’s notion of the microbial

1676 J.B. Henderson et al.

D
ow

nl
oa

de
d 

by
 [

N
ew

 Y
or

k 
U

ni
ve

rs
ity

] 
at

 0
7:

10
 1

1 
Ju

ne
 2

01
5 



nature of some living forms to explain the rotting of food; the steady state versus the
big-bang theory to explain the origin of the Universe; Darwin’s idea of evolution as
being a product of random mutation over generations versus Lamarck’s notion of it
being an adaptation to the environment within a single generation. The list goes on
and on. Indeed, as Allchin (2012) argues, ‘If the goal is to teach “how science
works”, then it seems equally important to teach, on some occasions, how science
does not work’ (p. 904) contending that ‘students also need to learn how1 science
can go wrong’ (p. 905) and that the study of error would help to convey the ‘tentative-
ness’ of science and the value and importance of skepticism. Studying the role of cri-
tique in science is, therefore, core to developing any student’s understanding of the
nature of the discipline.
Not surprisingly, students, who are never given the opportunity to engage in cri-

tique, can hardly be expected to develop an understanding of what a major element
critique is to the practice of science. Nor can they be expected to develop a critical dis-
position and the procedural and epistemic knowledge—essentially knowledge of the
methods and nature of science—necessary to identify the daily flood of pseudo-scien-
tific claims. Knowledge of the methodological procedure science uses to minimize
error, test its hypotheses and the epistemic constructs it uses are essential to justify
science’s claim to know. In the absence of critique, such elements of scientific knowl-
edge are absent too from the science classroom. Thus, if students are to be educated to
be ‘critical consumers of scientific and technological information’ (National Research
Council, 2012, p. 24), then it is important that they are taught the basic elements of
knowledge necessary to engage in a critical evaluation of scientific claims—many of
which often have important personal consequences.

The Epistemic Case

The world of science is a world of ideas. Such ideas are only meaningful to the extent
that they are more plausible, intelligible, and fruitful than any alternate idea a student
might hold (Posner et al., 1982). Establishing the validity of any scientific idea requires
students to undertake epistemic work. Such work may be interpersonal (e.g. dialogical
interactions) or intrapersonal (e.g. self-explanation). In the case of science, this means
providing students opportunities to engage in talking, reading, writing, and represent-
ing their ideas (Lemke, 1990; Pearson, Moje, & Greenleaf, 2010).

In making the epistemic case, we draw on Mercier and Sperber’s (2011) theory of
argumentative reasoning. Mercier and Sperber argue that there is a considerable
body of evidence that individuals are poor at reasoning failing simple logical tasks
(Evans, 1989) and making egregious mistakes in probabilistic reasoning (Kahneman,
2011; Tversky & Kahneman, 1974). In contrast, there is considerable evidence that
individuals are good at arguing in intrapersonal contexts. Such contexts force individ-
uals to maintain epistemic vigilance against poor ideas to avoid becoming victims of
misinformation. The engine of epistemic vigilance and deliberative discussions are
critical questions. Critical questions are questions that force an individual to defend
their own reasons and construct rebuttals. As Pontecorvo and Girardet (1993)
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explain, ‘when there is an opposition of points of view, there is a psychological need for
providing reasons and further explanations’ (p. 301). Without question, however,
there is no need for explanation or argument. Critical questioning, therefore, is a
process that supports argumentation and critique by helping to engender cognitive dis-
sonance (Festinger, 1957) or ‘epistemic curiosity’ (Berlyne, 1954)—helping students
to become aware of what they do not understand or cannot justify (Chin & Osborne,
2008). In a detailed study of the use of questions to support argumentation, Chin and
Osborne (2010) show how questions helped to expose differences in students’ under-
standing of the temperature changes that occur as ice is heated to water vapor enabling
critical interrogation of each others’ ideas. Their findings led them to conclude that
‘for productive argumentation and conceptual learning to occur, students must
engage in epistemic practices and speech acts that involve questioning, explaining, jus-
tifying, evaluating, and challenging and that address the specific components of an
argument’ (p. 269). In short, questions engender cognitive conflict. And, the resol-
ution of cognitive conflict requires critique.
Even engaging in critical self-questioning can be productive. King (1992), for

instance, showed how students who engaged in self-questioning when watching a
lecture and constructing notes retained significantly more knowledge than students
who were trained to summarize its content. Such critical questioning then forces
self-explanation and the construction of a deeper and more enduring understanding
(Chi, De Leeuw, Chiu, & Lavancher, 1994; Hatano & Inagaki, 1991). Indeed,
Lawson (2003) has proposed that ‘more advanced reasoning begins when individuals
ask questions’ (p. 1398). Through the ‘gradual internalization of the linguistic
elements and the pattern of hypothetico-predictive argumentation’, learners may
develop the ability to ‘talk to themselves’, and this allows them to ‘internally test
alternative propositions… to arrive at internally reasoned decisions’ (p. 1398) by enga-
ging in critique with themselves.
If the questions were to be encouraged in the teaching of science, students would

then be forced to respond to the critique of the teacher and their peers with arguments
and counter-arguments of their own, constructing explanations, posing questions, and
rebutting alternative ideas. In short, to engage in the natural process of epistemic vig-
ilance. In the process of negotiation, such critiques may trigger an individual to con-
sider their relevance, let the point ‘take hold in [his or] her cognitive environment’
(Schwarz, Neuman, Gil, & Ilya, 2003, p. 244), and subsequently appropriate or
accept a new concept. More fundamentally, the ability to construct and ask questions
is a cognitive act indicative of an epistemic stance towards knowledge that sees all
claims to know as tentative—in essence, the hall marker of an evaluative and rational
thinker.
Ohlsson argues that the construction of knowledge is dependent on a set of seven

key epistemic discourse activities—describing, explaining, predicting, arguing, criti-
quing, explicating, and defining (Ohlsson, 1996) and that, while this taxonomy may
be short, it is nevertheless, ‘surprisingly complete’. While some of these epistemic
activities are central to the construction of an idea, that is, defining, describing,
explaining, and predicting, others are core to the process of evaluation, that is,
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critiquing. Arguing is required both to propose an idea and to advance reasons for its
weaknesses. Classrooms that omit argument and critique are, therefore, epistemically
curtailed failing to provide an opportunity for all the epistemic activities necessary for
the learner to construct new knowledge. Billig (1996) goes further to suggest that all
thought is irreducibly argumentative as all statements embody within them the poten-
tial for contradiction and, without knowing the counter-positions, the meaning is lost.
For instance, consider the statement ‘matter is made of atoms’. While there are many
questions that could be asked about what is meant by ‘matter’ or an ‘atom’, the funda-
mental meaning of this sentence—that at some basic level matter is irreducibly particu-
late—only becomes clear when contrasted to the other major alternative that matter is
continuous. Thus, the significance of this statement is dependent on the contrast with
the counter-position. Hence, the absence of comparison, contrast, and critique from
the science classroom ultimately curtails students’ ability to reason scientifically—
and to grasp the full meaning of the scientific idea.
Finally, it should be said that given the commitment that science has to empirical

evidence as the basis of belief, the failure to explore the epistemic justification for
those beliefs is at best ironic and, at worst, disrespectful. As Norris (1997) argues ‘stu-
dents exist on a moral par with their teachers, and therefore have a right to expect from
their teachers reasons for what the teachers wish them to believe’ as ‘possessing beliefs
that one is unable to justify is poor currency when one needs beliefs that can reliably
guide action’ (p. 252). Justifying the scientific belief is as much dependent on being
able to explain why common intuitive ideas are flawed as it is on explicating the cano-
nical scientific conception.

The Literacy Case

As Norris and Phillips (2003) argue, being scientifically literate requires the ability to
read science texts and construct a justifiable interpretation of their intended meaning.
Literate practices, therefore, lie at the heart of science. All texts require the reader to
enter into some form of interpersonal dialog with the text (Bakhtin, 1981). In the case
of the novel which uses familiar language, reading is receptive and meaning is con-
structed through an ongoing dialog generated by the detailed discourse or description
the author provides. In science texts, however, the density of lexical terms and the con-
ciseness of language require the reader to be reflective. This calls for the reader to break
and re-read, and use multi-modal means of expression and unfamiliar genres. In
essence to engage in a much more deliberative and conscious dialog with the text
for which there are standard meta-cognitive strategies which must be taught (Davies
& Greene, 1984; Wellington & Osborne, 2001). Words, particularly those found in
scientific texts, do not simply wear their meaning on their sleeves. Hence, reading is
best conceptualized as an inquiry into meaning (Norris & Phillips, 2008; Pearson
et al., 2010). What does it mean, though, to construct meaning from a scientific
text? What processes are involved? And what role, if any, is played by critique?
Clearly, interpreting text draws on a body of prior knowledge or schemata necessary

to interpret text (Anderson & Pearson, 1984). However, as Norris and Phillips (2008)
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point out, any text is open to multiple interpretations and, importantly, interpretations
differ in (a) the extent to which they completely and comprehensively take account of
textual information from relevant bodies of prior knowledge and (b) the extent to
which they manifest internal consistency and coherence. As a consequence, some
interpretations are better than others. As Norris and Phillips show, propositions can
be selected, combined, and integrated in many ways leading to many inferences and
many possible interpretations. Thus, constructing reliable and justified meanings
from text is dependent on a circular process of grasping the basic meaning, making
inferences, and then critically evaluating alternative possibilities. In this sense,
reading is more than a process of comprehending. As Norris and Phillips (2008)
argue—‘to read is to interpret where inferential links between knowledge and text
must be forged. Such links can only be forged by testing them against the evidence
of the text’ (p. 255). Given the plural meanings of most text, the act of reading
demands that the reader engage in a process of critique to evaluate if their interpret-
ation is supported by the evidence. Engaging in critique, therefore, is an essential
part of becoming a successful reader.
When learning science, the shift that the reader has to make is to relinquish the idea

that the textbook is a provider of literal meanings, or as Bakhtin (1981) would say, ‘a
closed authorial monologue’ (p. 274). For instance, consider the following sample of a
middle-school text describing why the sky looks blue (Jenner, 2008):

Some sunlight is reflected. Clouds act like mirrors, reflecting sunlight back into space.
Dust particles and gases reflect light in all directions, a process called scattering. When
you look at the sky, the light you see has been scattered by gas molecules in the atmos-
phere. Gas molecules scatter short wavelengths of visible light (blue and violet) more
than long wavelengths (red and orange). Scattered light therefore looks bluer than ordin-
ary sunlight. This is why the daytime sky looks blue. (p. 274)

The critical reader of such a text clearly needs to draw on a range of concepts such as
sunlight, wavelength and mirrors—not least the fact that light can be described as a
wave. More fundamentally, to construct meaning from this text the reader needs to
engage in a dialog with the text to ask in what sense is it reasonable to say that a
cloud acts like a mirror? How can molecules scatter light? Why should short waves
be scattered more?What happens to the red and orange light? Understanding the poss-
ible meanings of this text then depends on adopting a perspective which requires a shift
from seeing language as serving a labeling function to one which sees language as a tool
for conveying ideas, and that there is no singular interpretation of its meaning. Rather,
given the often ambiguous relationship between the word and the concepts, the
meaning of any text is then dependent on interpretation requiring inference to the
best possible explanation (Sutton, 1995).
However, within the teaching and learning of science a simpler view of reading pre-

dominates which fails to acknowledge the idea that reading in a domain requires a
specific form of disciplinary literacy (Shanahan & Shanahan, 2008). This is the idea
that ‘students need explicit teaching of sophisticated genres, specialized language con-
ventions, disciplinary norms of precision and accuracy, and higher-level interpretive

1680 J.B. Henderson et al.

D
ow

nl
oa

de
d 

by
 [

N
ew

 Y
or

k 
U

ni
ve

rs
ity

] 
at

 0
7:

10
 1

1 
Ju

ne
 2

01
5 



processes’ (p. 43). Such literate forms require the reader to interrogate the text.
Indeed, one valuable pedagogic approach for scaffolding students to reading critically
is that of ‘Questioning the Author’ developed by Beck, McKeown, Sandora, Kucan,
and Worthy (1996). This approach to text is interpretive seeing text as something
that has been constructed by an individual for which the author had intentions
when writing the text—some of which are explicit and some of which are tacit. Recog-
nizing that this is so signifies that the text is an imperfect tool for communicating
meaning, demanding interpretation, and making it amenable to critique. Taking
this stance toward texts makes it possible to ask questions such as what is the author
is trying to say? What do you think the author wants us to know? Why does the
author choose to compare this phenomenon to… ? Such questions undermine the
notion that there is one, literal, correct meaning and demand that the reader
engages in a dialectic with the text to infer meaning and consider possible plural
alternatives to evaluate which is the best reading of the text.
Another approach to encouraging the critical reading of text is through the use of

refutational texts. These introduce both an alternate and the canonical scientific expla-
nation. Refutational texts stand in contrast to the normal one-sided, expository text
that only presents the perspective that the author wants readers to adopt. As Hynd
(2001) explains, ‘literacy researchers, after years of studying conceptual change in
science, have come to one fairly stable conclusion: students change their intuitive
but non-scientific conceptions to more scientific ones by reading refutational text’
(p. 701). Diakidoy, Kendeou, and Ioannides (2003), for example, had sixth-grade stu-
dents read either an expository text based exclusively on factual information about
energy, or a refutational text that instead first refuted common alternative conceptions
of energy. Their findings—in which students reading refutational text outperformed
students reading expository text—echo the empirical results of similar studies of stu-
dents studying physical science (Alverman & Hague, 1989), life science (Maria &
MacGinitie, 1987), and earth science (Maria, 1988). Indeed, Guzetti, Synder,
Glass, and Gamas (1993) found in a fuller meta-analysis that instructional activities
‘designed to offend intuitive conceptions were effective in promoting conceptual
change’ (p. 149).
Taken together, these findings would suggest that texts that include plural alterna-

tives, or techniques that engender cognitive dissonance, such as the use of anticipation
guides which provoke disagreement (Kozen, Murray, & Windell, 2006) between what
the reader anticipates the text will say and what the texts actually state, force the reader
to engage critically with text. In summary, reading with an emphasis on critique may
very well be fundamental to comprehending scientific text. Failure to scaffold such
critical reading in science education, therefore, is a failure to develop the disposition
needed to be a good reader of informational text.

The Pedagogical Case

Interaction and the co-construction of knowledge depend on establishing difference
between the scientific worldview and alternate conceptions most students hold.
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Empirical evidence that this is so comes from a study conducted by Ogborn et al.
(1996). In their study of 52 hours of science instruction for age 11–14 students in 4
London comprehensive schools, they show how teachers used student misconceptions
to create difference—that is to open up a gap between the teacher and her students. In
one example, a heated discussion begins between students who think that the sex of an
unborn baby can be determined by the shape of the mother’s anatomy and the teacher
who does not. Such difference is an a priori necessity for discussion, argument, and
productive disciplinary engagement. As Ogborn et al. (1996) state—‘they do not
agree so they had better talk’ (p. 22). A similar view is offered by Engle and Conant
(2002) where they argue that a basic requirement for learning science is the problema-
tization of content which then requires students to critically evaluate ideas and their
supporting evidence. Such differences, then, drive the need for the exchange of argu-
ments invoking the need for reasoning and the construction of new entities.
Essential to the problematization of content is a knowledge of student misconcep-

tions. For instance, in a large-scale study2 Sadler, Sonnert, Coyle, Cook-Smith, and
Miller (2013) found ‘that teachers who know their students’ most common miscon-
ceptions are more effective than teachers who do not. A teacher knowing only the
scientific “truth” appears to have limited effectiveness’ (p. 24). Indeed, in Kind’s
(2009) review of the features of pedagogical content knowledge (PCK) for teaching
science, all researchers concurred that a knowledge of common student scientific mis-
conceptions is a core feature. Similarly, findings have emerged in the teaching of math-
ematics where research has advanced further in developing measures of PCK (Ball &
Bass, 2000; Kunter et al., 2013). Kuntner et al. conclude from their extensive empiri-
cal study that PCK is a ‘key factor for instructional success’ (p. 354). They point to the
importance of understanding how students think about the instructional content, the
typical difficulties that it might pose for students, and its value as a tool for opening up
difference—essentially a tool for enabling and facilitating critical discourse.
Empirical evidence to justify the value of students engaging in critical discourse is

now extensive (Chi, 2009; Chi, Hutchinson, & Robin, 1989; Dalton & Tharp,
2002; Howe, Tolmie, & Rodgers, 1992; Mercer, Dawes, Wegerif, & Sams, 2004;
Wells & Claxton, 2002; Zohar & Nemet, 2002). For instance, in an extensive meta-
analysis of research results on students’ learning, Chi (2009) categorized learning
activities as ‘passive’ when learners demonstrate no overt signs of engagement;
‘active’ when students appear to be doing something physically; ‘constructive’ when
students produce outputs that go beyond merely regurgitating information presented
to them; and ‘interactive’ when students go beyond their individual constructions and
jointly and discursively co-create outputs with others. Using this framework—known
as ICAP—Chi argued that, while active learning should be more effective than passive
learning, and constructive learning should be more effective than active learning,
empirical evidence suggests that it is interactive discursive explanations with a
partner that have the greatest potential for learning presenting multiple quantitative
studies to support her hypothesis.
More specifically, when students discuss ideas with each other, empirical evidence

suggests that it is difference that is a key ingredient of successful peer interactions. For
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example, Doise and Mugny (1979) demonstrated that students engaging in delibera-
tive discussions progressed when they used differing strategies, but did not progress if
they began with similar strategies. Notably, difference in strategies appears to be more
crucial than whether or not onemember of the interaction possesses a correct cognitive
strategy. Indeed, Glachan and Light’s (1982) review of peer interaction studies found
that ‘interaction between inferior strategies can lead to superior strategies or, in other
words, two wrongs can make a right’ (p. 258). Glachan and Light noted that disagree-
ment among peers was a common condition for such interactions. Schwarz, Neuman,
and Biezuner (2000) demonstrated that when students, who each possessed an incor-
rect cognitive strategy interacted, at least one of the students changed their thinking to
the correct cognitive approach as a result of their critical interaction. Likewise, Ames
and Murray (1982) found greater learning gains among discussion groups whose pre-
conceptions differed when compared to those who held similar ideas, even if those
differences were based on incorrect premises. They speculated that, ‘a critical com-
ponent…may be simply the conflict between children’s beliefs, whatever the
content of those beliefs’ (p. 897). These two-wrongs-make-a-right results are consist-
ent with the findings of Smith et al.’s (2009) study of peer discussion in which a learn-
ing benefit was found even if no members of the discussion originally knew the correct
answer. Hence, when it comes to cognitive gains through verbal peer interactions, dis-
agreement and critique may be a more important factor than whether any of the peers
actually begin the interaction with the correct thinking. Similarly, Schwarz et al.
(2000) speculate that, ‘The sequence of claim followed by opposition followed by
counter-opposition sparks the need for justification and finally for explanation’
(p. 465). In summary, difference in points of view force a psychological need for jus-
tification and critique, enable the identification of fallacious reasoning and, in so
doing, enhance the understanding of the scientific idea. If this is true—and as we
have shown there is good empirical support that it is, then critique is necessary for
two reasons. First critique enables difference to be made explicit. Second, critique is
essential to evaluating which idea is more fruitful, plausible, or simply parsimonious.

The Motivational Case

As Csikszentmihalyi and Hermanson (1995) argue, ‘information that is presented as
true without alternative perspectives discourages the motivation to explore and learn
more’ (p. 73). A similar point was elegantly expressed by Tillich (2005), who
argued that ‘the passion for truth is silenced by answers that have the air of undisputed
authority’ (p. 65). In the absence of critique then, school science acquires the aura of
dogmatism leading the student to believe that science consists solely of the unequivo-
cal and unquestionable. For those of a creative disposition, the unchallengeable mono-
lith presented by school science is simply alienating (Osborne & Collins, 2001). Such
students see themselves as the passive recipients of an authoritative body of knowledge
that offers no means of personal engagement.
The work of Maltese and Tai (2011) would suggest that the absence of critique has

lasting consequences on student engagement with science. In their work, students who
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have reported a strong emphasis on the learning of facts and rules in science and math-
ematics classes were found to be less likely to persist to a degree in STEM. Goal orien-
tation—a concept which refers to the overarching purposes, the why and how, of
achievement behavior (Kaplan & Maehr, 2007)—is one body of research that would
account for this finding. This program of research distinguishes between mastery lear-
ners and performance learners. A mastery orientation refers to an individual’s goal of
developing competence (Ames, 1992). Those with a mastery orientation tend to attri-
bute their performance to effort and the search for personal development. Self-effi-
cacy, persistence, preference for challenge, self-regulated learning, positive affect,
and well-being are outcomes regularly and positively associated with students’ orien-
tations towards mastery goals (Kaplan & Maehr, 2007). In contrast, performance
orientation refers to the goal of simply demonstrating competence (Ames, 1992). Per-
formance-oriented students tend to attribute their performance to their ability (Ames,
1992; Dweck, 2000) and fail to recognize the responsibility for their own growth.
Moreover, a performance orientation has been associated with a maladaptive
pattern of cognition, affect, and behavior (Kaplan & Maehr, 1999).
Research shows that classroom experiences inculcate performance orientations

when there is a high value placed on correctness (Ames, 1992; Ames & Archer,
1988; Dweck, 2000), something that is reinforced by an emphasis on assessment. In
contrast, a focus on improvement and understanding can foster a mastery orientation
(Blumenfeld, 1992). More specifically, framing the commitment and identification of
weaknesses as a valued and normal part of learning science would convey to students
that error and revision is an essential element of the construction of knowledge. In
addition, it would help to transform a culture that focuses solely on getting ‘the
right answer’ to one which recognizes the fallible nature of human reasoning. The
outcome would, hopefully, be a shift in student goals from performance to more
emphasis on personal improvement and understanding that Blumenfield argues can
foster a mastery orientation.
An additional argument for the motivational value of critique is suggested by Kru-

glanski (1990). He argues that learners have different epistemic motivations that affect
the degree to which they seek understanding. For any given topic, a student’s episte-
mic motivations range both in the degree of specificity they seek (i.e. satisfaction with
specific answers versus being satisfied with any answer) as well as the extent to which
closure on the topic is desired (i.e. a discomfort with ambiguity versus a desire to
suspend judgment). Hence when science is presented in a dogmatic fashion, learners
with epistemic motivations that lean more toward non-specificity, or who prefer more
careful, elaborated searches for closure, may be more likely to struggle. However, the
more that students observe success in science classrooms resulting from a willingness
to passively accept science as received wisdom, where an answer is satisfactory insofar
as it is the right answer, the harder it becomes for teachers to overcome student resist-
ance to activities that promotemore active cognitive engagement. Critique tempers the
impulse for immediate closure on a topic supporting a more careful and thorough
deliberation of any idea. And, given that scientific inquiry demands comfort with
ambiguity, students whose epistemic motivations are more consistent with these
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demands may make for better scientists. Yet if science is portrayed as an unambiguous
‘rhetoric of conclusions’ (Schwab, 1962), such students may feel discouraged. For
example, Julie, a participant in the Osborne and Collins (2001) study, sought under-
standing and thus found school science unsatisfying:

Julie: If you see something and you want to know what—that’s what makes it interesting. If
it’s something that you want to understand and you can’t, it just gets boring after a while.
(p. 449)

Furthermore, those who find appeal in an uncritical presentation of science (e.g. being
satisfied with conclusions that lack backing) may pursue science careers with delusions
about what the practice of science actually is. If science education is to cultivate
and attract students who are comfortable with the spirit of critical enquiry and
uncertainty—a spirit which is so central to science, then surely critique needs to be
a central aspect of its pedagogy to engage and motivate such students?

Can Students Critique Ideas in Science?

All of the arguments advanced above, however, are of little value if students are unable
to engage in critique. Both argumentation and critique are activities that are dependent
on knowledge (Christodoulou, 2014; von Aufschnaiter, Erduran, Osborne, & Simon,
2008). Moreover, the ability to engage in argumentation and critique may be a higher
order skill dependent on lower levels of cognitive skills of recall and comprehension.
And, if so, does such a facility only emerge at a later developmental stage? In which
case, all of the arguments in this paper are to no avail if students are unable to under-
take critical thinking either because they lack the relevant domain-specific knowledge
or because the task is simply too demanding.
To answer such questions, we have undertaken a four-year exploration of student

capability with scientific argumentation by developing and testing a construct map
for progression in this competency (Osborne, Henderson, MacPherson, & Szu,
2013). The items used to test our proposed map have required students to engage
in both construction and critique. The learning progression we have produced is the
product of three cycles of development using items that were administered to approxi-
mately 1000 high school chemistry and eighth-grade general science students in a
major urban district in the USA. Results from the Rasch analysis of assessment data
show that critique is more difficult for students than construction. To illustrate the
relative difficulty, we provide an example from an item called ‘School Lunch’ which
required students to construct and critique arguments for and against a new school
lunch program.3 In this problem, students are introduced to a proposed new national
school lunch program promoting healthier food that would cost more than three
billion dollars over five years. Multiple hypothetical viewpoints are advanced in the
framing of the item, including an argument by the fictitious character Frank, who
believes that the money can be better spent on hiring more teachers and/or offering
more after school activities. The part of the task that was intended to elicit critique
is provided in Figure 1.
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In order to complete the task, students had to explain why they disagreed with a pos-
ition advanced by Frank. In the context of this task, students could disagree with Frank
in one of two ways: by explaining a flaw in his argument (counter-critique), or by
advancing an alternative argument which they might argue is better (counter-alterna-
tive). Some students engaged in counter-critique by providing responses such as,
‘Children who eat healthier [sic] are more likely to understand the lesson. If there
are more teachers, what difference would it make as the students can still not
concentrate?’ In this way such students claimed there is a flaw in Frank’s argument
in that his call for more teachers would not alleviate problems with students’
concentration.
In contrast, other students provided a counter-alternative. For example, ‘her reason

should be that promoting healthy eating could have a positive effect on kids for the rest
of their lives’. Thus, rather than identifying a flaw in Frank’s argument, such students
advanced a counter-alternative argument that healthy school lunches are worth the
cost because of their long-term benefits to students’ health. Our Rasch analysis
showed that it was more difficult for students to counter-critique Frank’s argument
than to advance a counter-alternative argument. Indeed only 15% of students directly

Figure 1. School Lunch question
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critiqued Frank’s argument, while 39% offered a counter-alternative claiming that it
was superior to Frank’s argument.
Items were also administered that required students to engage in argumentation in

the domain of structure of matter. For instance, students were provided with four rep-
resentations of a sugar and water solution and then asked to critique one of the rep-
resentations—see Figure 2.
Some students were able to critique a specific representation.

The image [C] suggests that the sugar molecules have completely disappeared. This goes
against the given evidence that matter is neither created nor destroyed. This image
suggests that the sugar has disappeared and therefore destroyed. Thus it cannot be

Figure 2. Models of Sugar in Water question
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correct. Also evidence states that substances may break into smaller pieces when mixed
with another substance, the image does not indicate the presence of the sugar which
again would suggest the sugar to have been destroyed which, as stated, cannot be correct.

In this example, the student interpreted the diagram, inferring that the absence of
black circles implies sugar molecules ‘completely disappeared’. Then, she explained
how the representation is not consistent with the scientific principle of conservation
of matter. Additionally, the student cited evidence from the item (substances break
into smaller pieces when mixed with another substance) and explained that the rep-
resentation is not logically consistent with the evidence. In other words, the
counter-critique required the student to identify a flaw in one of the representations
and then show how the evidence in her counter-critique demonstrated its weaknesses.
In this case, 68% of students did manage to engage in counter-critique. This suggests
that with the right prompt—one that stimulates students to exercise epistemic vigi-
lance—the majority of students can engage in counter-critique. Indeed, our results
to date suggest that questions such as ‘What is the problem with X?’, ‘What is
wrong with Y?’, ‘Why do you think Z is not as good?’ and ‘Why do you disagree?’
are more likely to elicit counter-critique than ‘How would you convince ____ his/argu-
ment is flawed?’ In other words, to elicit counter-critiques, it is important to ask stu-
dents for them directly. And, when provided with a targeted question and appropriate
scaffolds, students do demonstrate the capability to engage in counter-critique.
Students need to be scaffolded to think this way because when presented with two

competing ideas, the simplest argument is the default judgment that, ‘this one is right
because it is what is closest to what I think’ or ‘this one is wrong because I know the
other is right’—that is to default to the use of reasoning that supports the individual’s
intuitions or existing beliefs. Such confirmation or ‘myside bias’ serves the goal of con-
vincing others but fails to look critically for flaws in reasoning. AsMercier and Sperber
(2011) argue, it is not so much that human reasoning is biased as much as it is a
common human failure to envision possible counter-critiques. Being constructively
critical is, therefore a competency which has to be learnt and scaffolded by asking stu-
dents to think about the possible criticisms in so doing forcing them to engage in eva-
luative reasoning to show what makes one argument stronger than another.

Implications

In this paper, five arguments for the importance of critique have beenmade.What then
are the implications for science education? And, more fundamentally, how can the
importance of critique be communicated to those engaged in teaching science? The
first lever of change we see is in the nature of assessment. In an era of high stakes
assessment, where the outcomes are used to evaluate not just the attainment of the stu-
dents but also the quality of a teacher’s competence and the efficacy of schools and
school districts, assessments have considerable influence both on what is taught and
how it is taught (Au, 2007; Linn, 2000; Sunal & Wright, 2006). For instance, in a
review of this research prepared for the US Department of Education, Hannaway
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and Hamilton (2008) found that standards and accountability policies lead teachers to
focus on particular subject areas and particular types of instructional practices—that is
on skills specific to assessment and testing procedures. In such a context, assessments
become signifiers of curriculum intent.
The focus of science assessments, including all large-scale assessments such as

NAEP, TIMSS, and PISA, however, is on the extent to which students can offer
appropriate constructed responses of canonical explanations. Yet, we would argue,
assessing students’ abilities to identify flaws can be just as important if not better as
a test of student understanding—in particular, their ability to engage in scientific
reasoning. For instance, almost without exception all students at some time in their
formal education will be introduced to the standard model of the Bohr atom
(Figure 3) that has an almost iconic status in contemporary culture.
The model ‘works’ in that it has an obvious analogue—the common representation

of planets orbiting the Sun. Hence, it is an effective pedagogic heuristic. Yet it is
flawed. The electrons are nearly 2,000 times smaller than any of the protons and neu-
trons represented in the nucleus; the distance between the electrons and the central
nucleus is least five orders of magnitude larger than that shown on the diagram;4

there is no representation of the nature of the electric charge of the particles; it is
impossible to define the location of any electron in the way that the model would
imply as its position is best defined in terms of the probability of it being at a point;
and finally the particles are not colored. Students who can make any—or all of the
above criticisms—have a better and more elaborated knowledge of what atoms are
like. It is not difficult to imagine a question for assessing student competence with
scientific reasoning which could ask ‘What is wrong with this model?’ even as a mul-
tiple choice item. Likewise, questions can be asked of students not just for the correct
interpretation of a given data set but which of four possible answers is the least valu-
able. Or which of four experimental designs to investigate a hypothesis is the
weakest and why. Simply by changing our perspective on the competency we seek

Figure 3. Bohr model of the atom
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to test, it would be possible to signal what kind of performance matters and the impor-
tance of developing student competence with scientific argument and reasoning. That
is, if we as a community believe that critique counts, then it must be counted.
Second, there are clearly implications for pedagogy. Engaging in critique requires

the asking of a critical question. The defining feature of such questions is that,
unlike IRE questions, they are open to plural responses. Yet rarely are such questions
asked in science classes (Chin & Osborne, 2008). Critical questions transcend those
that simply seek factual information forcing student to justify their beliefs, for example:

How do you know?
What is your evidence?
What is wrong with this explanation?
What is flawed about this model?
How can this argument be made more convincing?

However, the pedagogical challenge is more than just asking questions of this nature.
Fundamentally, it is about seeing science not as some body of self-evident knowledge
that just has to be digested and assimilated, but as a major cultural achievement whose
ideas about the world can only be understood by establishing why common sense is
flawed or simply wrong. What, for instance, are the critical challenges which help to
establish that day and night is not caused by a moving sun? Or that all things do not
fall at the same rate (in the absence of air friction)? Or that air is not weightless? Or
that continents are not immobile? Our point is that there needs to be a shift from
seeing teaching science not just as one of presenting the canonical scientific idea but
also—and perhaps more importantly—that there is a need to critique any standard
alternate conceptions students may hold. Such acts are essential to stimulate a dialectic
between construction and critique—a dialectic which the teacher must initially foster
and scaffold but which can later be undertaken between students.
Finally, the overwhelming body of evidence suggests that the quality of human

reasoning is improved by group discussion. The literature on peer-to-peer discussion
and its transformative nature on student learning gives one good example of how
enabling critique can significantly improve student learning (Hake, 1998; Weiman,
2014). As Weiman argues, there is ‘overwhelming evidence that the lecture is substan-
tially less effective’ than active learning methods that facilitate peer-to-peer discussion.
Most individuals are willing to change their mind once they have been convinced that
their reasoning is flawed. Likewise, Chi (2009), in another meta-analysis shows that
interactive methods that require the use of deliberative discussion produce signifi-
cantly better learning outcomes than other approaches.
One of the implicit messages of the IRE form of interaction that predominates in

classroom discourse is that the correct answer is valued more than the reasoning that
might have produced it. That is, what we know is valued more than how we know.
This is not to say that what we know does not matter. But, given that most ideas in
school science are strange and unnatural, students have a right to see the reasoning
that justifies this strange set of beliefs we ask them to hold. They also need to know
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why other ideas, particularly their own are flawed. Foregrounding critique in the science
classroom offers an opportunity to transform the epistemic culture of the science class-
room to one in which scientific reasoning becomes a valued feature.
We recognize that this is a substantial challenge for the traditional practice of science

teaching. First, there is the challenge that there is a propensity to eschew the possible
conflict associated with critique and argument (Cohen, 1995; Kuhn et al., 2011).
Second, there is the challenge of establishing the classroom norms in which critique
is accepted making the discourse accountable to the community (for meeting the
agreed norms)—and accountable to the construction of knowledge through the use
of evidence and information drawn from experiments, texts or other available infor-
mation (Michaels et al., 2008). Indeed as Resnick, Michaels and O’Connor (2010)
argue, ‘The occasional lesson… cannot produce the habits and practices or reasoned
discourse we seek. Reasoned discourse is a habit, a way of life. It needs to be socialized
… in an environment that supports and rewards it’ (p. 4). Nevertheless, if students are
to engage in the practices of arguing from evidence, developingmodels, and construct-
ing explanations—all prominent features of the Next Generation Science Standards—
they must have the opportunity to subject their thinking and ideas to critique and
understand why they may be flawed. Supporting students in to engage in this practice
is, therefore, essential.
However, more than anything science has been central in the Enlightenment project

of establishing evidence as the basis of rationality. To be a rational person is to be
somebody who is appropriately moved by reasons and critique. As Siegel (1989)
argues, ‘the rationality of science is secured by its commitment to evidence’ (p. 29)
—and, we would add—critique. Its near total absence from science education, when
compared to its prevalence within science itself, speaks to the failure of science edu-
cation to represent the disciplinary nature of science and the need to honor its obli-
gation to rationality and critical thinking. In short, the kind of thinking that has led
to the knowledge we ask our students to believe. In this paper, we have attempted
to make a strong case for the significance of critique. Our hope is that the arguments
in this paper will ultimately become both talked about and taught—and we should add
—even critiqued.
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Notes

1. Author’s original emphasis
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2. This study examines the relationship between teacher knowledge and student learning for 9,556
students of 181 middle-school physical science teachers using a survey instrument for teacher
knowledge and in-house tests of student attainment.

3. In our work to construct a learning progression for argumentation, we have used both ‘knowl-
edge-lean’ items, where it is a reasonable assumption that specific science content knowledge
is not necessary for a top score on the item, and ‘knowledge-dependent’ items, where specific
science content knowledge is necessary for a top score on the item. Knowledge-lean items
have been drawn from non-scientific contexts. Knowledge-dependent items have, in contrast,
been drawn from scientific contexts.

4. One way of conceptualizing this is that if the nucleus were the size of grape, the nearest electron
would be one mile away. Atoms are mostly empty space.
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