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CHAPTER 1

INTRODUCTION

1.1 Two puzzles on scientific knowledge

1.1.1 Naturalism and knowledge acquisition

Science has known a staggering and explosive growth over the past five
centuries. Even those who are skeptical about the extent to which science
provides us with a true picture of the world (especially in its postulation
of unobservables) are impressed by its instrumental value, in particu-
lar its ability to provide predictions and explanations of the observable
world. Mathematical knowledge has played an important role in this
development by providing surprisingly e�cient formulations to look into
and organize empirical phenomena as well as by being a source of sci-
entific creativity. An as yet unanswered question in cognitive science is
how agents like us, limited in our cognitive capacities, and subject to
various biases and limitations, are able to obtain these sophisticated and
useful bodies of knowledge. If Paul (Corinthians I, 13:12) is correct, and
we are only able to see the world “through a mirror darkly”1, how is
mathematical and scientific knowledge as we know it possible? A number
of cognitive scientists and philosophers (e.g., Carruthers, 2006; Mithen,

1“Mirror” is sometimes also translated as lens or glass. The original Greek ‡n
a»n–gmati (en ainigmati) can be translated as “darkly” or “in an obscure image.” In
Antiquity, Corinth was famed for its production of bronze mirrors, which produced a
darkened and somewhat distorted image (Mattusch, 2003).
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2 Chapter 1. Introduction

1996; Pinker, 1997) regard scientific knowledge as one of the hallmarks
of our species. If they are correct, elucidating the nature of science and
mathematics will not only have implications for our understanding of sci-
entific and mathematical knowledge, but also for more general theories
regarding human cognition.

Since the second half of the 20th century, an increasing number of
philosophers (see e.g., the essays collected in Callebaut, 1993, for a fairly
representative selection of well-known contemporary naturalistic philoso-
phers) have taken up a naturalistic position in epistemology and philoso-
phy of science. According to this philosophical program, human reasoning
processes do not have a special status in the natural, causal order, but
are fully part of it. To understand human knowledge acquisition, we need
to elucidate the evolved cognitive underpinnings that lie at its basis. As
W. V.O. Quine (1969a, 82) put it, “Epistemology, or something like it,
simply falls into place as a chapter of psychology and hence of natural sci-
ence. It studies a natural phenomenon, viz., a physical human subject.”
For naturalists, epistemological questions should be addressed using the
results and methods of the empirical sciences. To understand the world,
and to see how humans as epistemic agents fit within it, we need both
scientific theories of the nature of the world and psychological theories
on human cognition. Naturalists do not exclude mental states and pro-
cesses from their ontology. Rather, they take psychological studies of the
scope and limits of human reasoning to adjust their normative demands
to what people can achieve epistemically (e.g., Code, 1996). In the words
of Hilary Kornblith (1994, 43), “We must now try to explain how crea-
tures with the faculties cognitive science tells us we have could come to
understand the kind of world which the sciences generally tell us that we
inhabit.”

Naturalistic philosophers can glean a great deal from cognitive science,
which includes a wide range of disciplines such as developmental psy-
chology, cognitive psychology, comparative psychology, computer science,
and cognitive neuroscience. In a sense, cognitive science and naturalized
philosophy of science are similar in their methodology and metaphysical
picture of human cognition. Both rely on findings from empirical disci-
plines to inform their views on how humans gain knowledge of the world
(Kertész, 2004). The cognitive science of science (see, e.g., the papers col-
lected in Carruthers, Stich, & Siegal, 2002) studies the mental processes
that come into play when people reason about particular scientific subject



1.1. Two puzzles on scientific knowledge 3

matters (e.g., biology, chemistry), the ways of reasoning that underlie sci-
entific practice (e.g., causal reasoning, abductive inferences), the creative
processes involved in scientific discovery and innovation, interactions be-
tween scientists, and the nature of scientific understanding. The scope
of the cognitive science of science is very broad, as scientific reasoning
seems to draw on many aspects of everyday cognitive processes (Dunbar
& Fugelsang, 2005).

The basic questions that the cognitive science of science sets out to an-
swer are also the main questions that lie at the heart of this dissertation:
how are humans able to acquire scientific and mathematical knowledge?
To what extent are scientific and everyday reasoning similar or di↵erent
from each other? As we shall see in the next subsections, philosoph-
ical reflection on findings from cognitive science has given rise to two
puzzling observations. First, in their mathematical and scientific prac-
tice, humans apparently do better than we might expect on the basis of
the limitations and biases that cognitive psychological studies have un-
covered. Second, scientific practice does not conform well to norms put
forward by epistemologists and philosophers of science, as it frequently
relies on haphazard, seemingly spurious forms of inference and reasoning.
It would appear that at present, neither philosophy of science nor current
cognitive science adequately capture the intricacies and peculiarities of
mathematical and scientific knowledge acquisition.

1.1.2 Puzzle 1: The boundedness of human reasoning

Over the past 30 years, cognitive scientists have investigated diverse as-
pects of human cognition, including how we detect causality, how we make
inductive and deductive inferences, how we provide explanations, how we
solve mathematical problems, and how we engage in scientific practice.
The upshot of all these investigations seems to be that human cognition
is bounded, and that it is highly susceptible to various biases and errors.
The biased and bounded nature of human reasoning was first discovered
in empirical studies of economic behavior, where there is a discrepancy
between rational behavior (defined as behavior that yields the highest
utility) and the economic decisions that humans actually make. As early
as the 1950s, the economist Herbert Simon (1956) argued that human
behavior cannot adequately be described as rational, where rationality is
defined by the basic axioms of utility theory. Contrary to what these ax-
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ioms predict, humans do not always choose the best action in accordance
with their desires, and sometimes even violate their own preferences (e.g.,
Fehr & Gächter, 2002; Henrich et al., 2005). Recent empirical studies with
capuchin monkeys (Cebus apella) indicate that nonhuman animals share
some of our human biases, such as an aversiveness to risk and loss that
can lead to suboptimal decisions (Chen, Lakshminarayanan, & Santos,
2006).

Humans also do not conform to standards of rationality as set by
Bayesian probability theory. Kahneman, Slovic, and Tversky (1982), for
example, brought to light systematic frailties of human reason, in the
form of persistent biases and errors, such as a disregard for base rates, or
the infamous conjunction fallacy. In this fallacy, subjects judge that the
probability of a conjunction of two properties is higher than the proba-
bility of either of those properties. For example, they think that a young,
outspoken, well-educated woman is more likely to be a feminist bank-
teller than a bank-teller, violating the inclusion rule in the probability
calculus, i.e., P (A&B)  P (A) (Tversky & Kahneman, 1974). Although
people with training in statistics or mathematics are less liable to make
nonnormative probability estimates, research shows that their training
does not eliminate intuitive biases. Undergraduates with a basic train-
ing in statistics also exhibit biases present in laypeople when they are
confronted with di�cult problems in probability (Shimojo & Ichikawa,
1989). Just like visual illusions are hard to resist, our naive probability
intuitions seem stubborn and robust.

Human reasoning is at odds with normative assumptions commonly
held by analytic philosophers. Experimental investigations indicate that
folk epistemological notions deviate from analytic epistemological con-
cepts (see e.g., Spicer, 2010, for a review). To give but one example,
Gettier (1963) argued that not all justified true beliefs are knowledge. A
typical Gettier-style counterexample for knowledge as justified true be-
lief is the following (taken from the experimental philosophical study by
Weinberg, Nichols, & Stich, 2001): Bob has a friend, Jill, who has driven
a Buick for many years. Bob therefore thinks that Jill drives an American
car. He is not aware, however, that her Buick has recently been stolen,
and he is also not aware that Jill has replaced it with a Pontiac, which
is a di↵erent American car brand. Does Bob really know that Jill drives
an American car, or does he only justifiably believe it? Most western
subjects, like Gettier (1963), believe that Bob does not know that Jill
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drives an American car. However, Weinberg et al. (2001) found that a
majority of East-Asian participants think that Bob does know. This in-
dicates that intuitions of analytic philosophers on what does or does not
count as knowledge are not universally endorsed.

As we shall see in chapter 6, humans across cultures have fairly robust
folk theories regarding their physical, social and biological surroundings,
and these folk theories di↵er from received scientific knowledge in the
domain of physics, psychology and biology. For example, in the domain
of intuitive physics, adults systematically deviate from scientific theories
when they have to predict a trajectory of an inanimate object in mo-
tion. A majority erroneously thinks that a ball, launched by a sling will
continue to fly in a spiral trajectory (McCloskey, Caramazza, & Green,
1980); most also believe that an object dropped by a running person will
fall straight down to the ground (McCloskey, Washburn, & Felch, 1983).
These errors are not due to a lack of schooling, since all participants had
an education in Newtonian physics at least at the high school level, and
some even at the undergraduate level. Moreover, under conditions of
speeded judgment, where subjects have to make very quick predictions
regarding the trajectory of inanimate objects, even professional physi-
cists give responses that are more in accordance with intuitive physics
than with Newtonian mechanics (Kozhevnikov & Hegarty, 2001).

What are we to make of these systematic deviations of human cogni-
tion from what is considered to be normative in economics, probability
theory, epistemology or physics? A straightforward conclusion, defended
by Kahneman and Tversky (1996), is that humans su↵er from persis-
tent and deep cognitive illusions: the way our brains process information
systematically leads to errors and biases. If true, this should have con-
siderable implications for the justification of scientific and other beliefs.
Some philosophers of mind, such as Stephen Stich (1990), have argued on
the basis of this literature that natural selection does not privilege truth-
conducive beliefs or reliable belief-forming mechanisms, citing pleiotropy,
genetic drift, and the unpredictability of mutations as possible causes for
the suboptimality of our cognitive systems (see chapter 9 for a detailed
discussion). If this conclusion is correct, we are left with an apparent
paradox. Naturalized epistemology argues that philosophy should be con-
tinuous with scientific knowledge. As naturalistic philosophers, we should
trust the best current scientific theories. However, cognitive science seems
to indicate that human reasoning is subject to errors and biases, so we
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are left with little guarantee for the reliability of these theories. Thus, as
Alvin Plantinga (1993, 2000) has argued, it seems that the naturalistic
position is incoherent: why should we trust our best scientific theories, if
these are products of an unreliable and bias-ridden cognitive apparatus?
Chapters 8 and 9 will look in more detail at Plantinga’s evolutionary
argument against naturalism, and will indicate that naturalists are not
compelled to accept Plantinga’s conclusion, as cultural mechanisms can
and do correct for considerable cognitive biases. Moreover, as will be ar-
gued in chapter 9, making sweeping conclusions about human rationality
on the basis of cognitive psychological experiments may be unwarranted.
If human reasoning were incorrigibly biased, how could cognitive psy-
chologists even recognize these mistakes, or if they did, why would we be
interested in them?

Some authors have argued that many forms of fallacious reasoning
that have been proposed in cognitive psychology are in fact not falla-
cies, and that the paradox of human rationality is only an apparent one.
Gerd Gigerenzer (e.g., Gigerenzer & Ho↵rage, 1999), for example, has
proposed that the conjunction fallacy and other fallacies occur because
the questions are not posed in an ecologically valid way: subjects perform
better if questions about probabilities are not presented in terms of single
phrases, but are rephrased in terms of frequencies. Similarly, the evolu-
tionary psychologists Leda Cosmides and John Tooby (1996) have argued
that there are strong selective pressures on human and other animal ner-
vous systems to detect statistical correlations within their environment
and to reason correctly under the right conditions. For example, they
appeal to an evolved cheater detection module to explain why people
do better on the Wason selection task2 when it is presented as a social
situation that involves norm violation than when it is posed as an ab-
stract problem involving symbols (Tooby & Cosmides, 1992). However,
other cognitive psychologists (e.g., Tentori, Bonini, & Osherson, 2004)
have argued that Gigerenzer’s and Cosmides and Tooby’s rephrasings of
probability problems already give participants part of the solution, so

2The Wason selection task in its best known abstract form involves four cards, with
E, K, 4 and 7 printed on them. Participants need to turn over some of the cards to
check whether the following rule is obeyed: “If there is a vowel on one side, then there
is an even number on the other side.” Most subjects perform poorly at this task: they
correctly take E, but incorrectly take 4 instead of 7. When the problem is phrased as a
situation where subject need to check drinks or IDs to check the rule “only those who
are over 18 can drink alcohol”, subjects do much better.
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that they do not demonstrate that subjects can solve such problems. As
we will see later, there are good reasons to believe that human reasoning
is not always truth-conducive (chapters 6 and 9), and that humans are
subject to cognitive limitations (chapters 3 and 8).

A third way to interpret the cognitive psychological research on human
rationality is to call its experimental procedures into question. Henrich,
Heine, and Norenzayan (2010) have criticized the almost exclusive fo-
cus on so-called standard populations in cognitive psychological studies.
These subjects are typically undergraduate college students from North
America and Europe, and thus do not present a balanced sample of hu-
man reasoning across cultures. Such populations are fairly atypical; in
Henrich et al.’s (2010) terminology, they are WEIRD: White, Educated,
from Industrialized Rich and Democratic nations. Next to this, many
studies of human reasoning are conducted within an explicitly normative
framework. As Elqayam and Evans (in press) argue, normativism trig-
gers a host of research biases in psychological research, in particular, it
makes a fallacious ought–is inference, where classical logic and standard
probability theory are viewed as the golden standard against which all
human reasoning is to be set.

Jennifer Nagel (in press) observed that the aforemementioned study
by Weinberg et al. (2001) does not adequately control for lurking vari-
ables, such as the fact that the (self-identified) East-Asian participants
are less likely to be humanities majors than the western participants3.
Also, the vignettes used in the study were not culture-neutral: it is eas-
ier for an American student to make the inference that a Buick is an
American car, for example. Indeed, Nagel’s own studies that involved
di↵erent vignettes with Gettier cases, justified true belief cases, and ordi-
nary knowledge, showed no statistically significant di↵erences in intuitions
when gender or ethnicity were taken as independent variables.

In this dissertation, I will argue that a proper understanding of human
knowledge acquisition should take into account the embedded, embodied
and collective nature of reasoning. Much of our scientific and mathe-
matical reasoning relies on cultural sca↵olding, including an extensive
use of the external environment (chapters 4, 5 and 9), and a reliance
on epistemic tools like analogies and metaphors (chapter 7). Moreover,

3The survey was conducted at Rutgers University. In American universities, Asian
students are twice as likely to major in engineering or biology compared to their Amer-
ican peers.
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scientific knowledge is crucially a product of interacting minds (chapter
8). These aspects of human reasoning are usually not investigated in
controlled psychological experiments. Due to their highly idealized ex-
perimental procedures, empirical studies of human reasoning do not, and
cannot, uncover the full range of human rationality.

1.1.3 Puzzle 2: Scientific reasoning

Nancy Nersessian (1999) has highlighted a discrepancy between models of
scientific reasoning, as proposed by philosophers of science, and scientific
reasoning as it actually occurs. In standard philosophical accounts, rea-
soning proceeds by applying deductive and inductive algorithms to spe-
cific propositions. However, scientific reasoning usually does not proceed
in this way. Let us take as an example the extensive use of analogies,
a topic that will be the focus of chapter 7. Scientists have formulated
new theories on the basis of rather tenuous analogies. Examples include
Kepler’s formulation of a precursor of gravity (vis motrix) through an
analogy with light, and Darwin’s evolutionary theory, which was concep-
tualized by use of a variety of analogies, such as one from the artificial,
human selection of varieties in plants and animals to undirected selection
in nature. Analogies are not only found in crucial instances of scientific
discovery, but also in day-to-day scientific practice. Alison Wylie (1985)
has highlighted the importance of analogies in archeology, such as the
analogy from present-day hunter-gatherers to past cultures that underlie
interpretations of prehistoric archeological sites. Kevin Dunbar (1997)
has investigated how analogies based on well-known viruses are routinely
used to infer unknown properties of newly discovered viruses in molecular
biological laboratories.

Despite its prominence in scientific practice, analogical reasoning does
not enjoy a high status in philosophy. Hume (1779) criticized analogy as
a very weak form of argument, for example, when it is used by natural
theologians to infer design in nature4. Rudolph Carnap (1945, 299), a bit
more charitably, claimed that “reasoning by analogy, although admissible,

4Hume is more tolerant of analogies in his Treatise of human nature; but here too, he
thinks they should be used with caution, as the resemblance between target and source
domains in analogies is a matter of degree, and it is di�cult to establish independently
whether the resemblance is relevant for the argument one is making (Hume, 1739 [2001],
book 1, §12).
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can yield only rather weak results.” But if analogy is such a weak form
of argumentation, why do scientists resort to it so frequently?

Understanding and intelligibility likewise seem to play a central role
in mathematical and scientific reasoning, but they have received little at-
tention in the philosophical literature (for recent accounts, see De Regt
& Dieks, 2005; Dear, 2006). For example, as will be argued in chapter
3, negative numbers were introduced relatively late in western mathe-
matics because they were perceived as unintelligible. In chapter 6, we
will see how essentialist intuitions and a human–nonhuman distinction
have played a role in the development and reception of theories of hu-
man evolution. Understanding is, undeniably, a crucial part (some, e.g.,
De Regt & Dieks, 2005, even argue a central part) of scientific practice, if
only because science has inherited the natural philosophical quest for an
accurate and intelligible picture of the world (Dear, 2006). Yet is it pre-
cisely this qualitative nature that makes scientific understanding di�cult
to incorporate in philosophy of science.

This deviation of scientific reasoning from standards of reasoning in
philosophy led the logical empiricists to the pessimistic conclusion that
there is no logic of discovery, leading to a neglect of the context of dis-
covery and an almost exclusive focus on the context of justification. As
Callebaut (1993, 72) has it, philosophy of science in the wake of the logi-
cal empiricists has been a rationally reconstructed philosophy of physics,
thinly disguised as a general philosophy of science. Philosophy of biology,
chemistry, and the social sciences have only recently begun to flourish,
and philosophers have long struggled with the status of scientific theories
that do not posit exceptionless laws, such as evolutionary theory (see for
example, Stamos, 1996, on Popper’s di�culties with evolutionary the-
ory). The incorporation of sociological and historical findings has been
critical for naturalistic approaches in philosophy of science. However, a
lasting legacy of logical empiricism seems to be that most approaches in
philosophy of science continue to regard analogies, discussions following
disagreement between scientists, thought experiments, and other unsys-
tematic forms of reasoning as epiphenomena, as mere colorful window-
dressing, which could in principle be excised from the scientific discovery
process altogether (Nersessian, 1999). Yet, as we shall see throughout this
dissertation, the current cognitive science of science seems to indicate that
such forms of reasoning may in fact be central to scientific practice.

We can see a similar discrepancy between actual mathematical prac-
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tice and post-Kantian foundationalist programs that attempted to ground
mathematical concepts and propositions in a secure and limited axiomatic
system. This is also the case for recent naturalistic philosophy of mathe-
matics. For example, Penelope Maddy has argued that mathematics need
not derive its justification from anything extrinsic to mathematical prac-
tice, such as its applicability to the empirical sciences: mathematicians
are not answerable to “any extra-mathematical tribunal and not in need
of any justification beyond proof and the axiomatic method” (Maddy,
1997, 184). Still, Maddy does not take actual mathematical practice as
a starting point, but an idealized and highly abstracted mathematical
practice, as she focuses on “inexorable deductive logic, the stu↵ of proof,
and the set theoretic axioms” (Maddy, 1997, 1). But actual mathemati-
cal practice is much broader; intuitions and high-level ideas play a crucial
role in it. In his reflections on mathematical practice, William Thurston
remarks:

Mathematical knowledge can be transmitted amazingly fast
within a subfield. When a significant theorem is proved, it
often (but not always) happens that the solution can be com-
municated in a matter of minutes from one person to another
within the subfield. The same proof would be communicated
and generally understood in an hour talk to members of the
subfield [. . . ] When people are doing mathematics, the flow of
ideas and the social standard of validity is much more reliable
than formal documents. People are usually not very good in
checking formal correctness of proofs, but they are quite good
at detecting potential weaknesses or flaws in proofs (Thurston,
2006, 43, 46).

It is clear that the mathematicians involved in this rapid di↵usion of in-
formation (“in a matter of minutes”) do not have the time to check the
proof in detail. Rather, as Geist, Löwe, and Van Kerkhove (2010) have
indicated, mathematicians rely mainly on trust and testimony when as-
sessing the correctness of a proof, and less on the technical details of the
proof itself. Their questionnaire-based study, which probed refereeing
practices in international mathematical journals, found that editors re-
quest a thorough and detailed review when the paper contains potentially
interesting results from a less known author, whereas when the author is
a well-known mathematician, they decide that “almost nothing needs to
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be checked” (Geist et al., 2010, 165).
This brings us to the second dilemma of the cognitive science of sci-

ence. In subsection 1.1.1, we saw how scientific knowledge deviates from
experimental psychological studies of reasoning: scientists, when engaged
in scientific practice, perform better than the heuristics and biases dis-
played by participants in such experiments. Here, we see that scientific
reasoning does not conform to the standards imposed by philosophers
of science and logicians. Although a logic of scientific discovery has not
yet been formulated, we can try to provide characterizations of scientific
discovery that are more empirically informed, and that yield novel in-
sights into the nature of scientific knowledge. Given the importance of
creativity, understanding and other psychological factors in mathematical
and scientific knowledge acquisition, a naturalized philosophy of science
should take into account discovery processes. As we shall see in this dis-
sertation, in some cases such empirical investigations do have implications
for the justification of scientific beliefs. Chapters 5 and 9 indicate that
the use of external media, such as written symbols or measuring devices
increases the reliability and robustness of mathematical and scientific in-
ferences. In chapter 8 we will see with the help of a formal model that
the number of scientists within a scientific community and the degree to
which their intuitions and inferences di↵er from each other are positively
correlated with the quality of scientific output.

1.2 The nature of scientific beliefs

Scientific beliefs seem to di↵er significantly from everyday beliefs. The
physicist Arthur Eddington (1928) illustrated this aptly by making a
distinction between two tables:

One of them has been familiar to me from earliest years. It
is a commonplace object of that environment which I call the
world. How shall I describe it? It has extension; it is com-
paratively permanent; it is colored; above all it is substantial.
By substantial I do not merely mean that it does not collapse
when I lean upon it; I mean that it is constituted of “sub-
stance” and by that word I am trying to convey to you some
conception of its intrinsic nature.
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Table No. 2 is my scientific table [. . . ] My scientific table
is mostly emptiness. Sparsely scattered in that emptiness are
numerous electric charges rushing about with great speed; but
their combined bulk amounts to less than a billionth of the
bulk of the table itself. [. . . ] If I lean upon this table I shall
not go through; or, to be strictly accurate, the chance of my
scientific elbow going through my scientific table is so exces-
sively small that it can be neglected in practical life.

How are scientific beliefs formed, and what is their relationship to the
rest of our beliefs? In what follows, I will briefly review recent theories
on the nature of scientific beliefs.

1.2.1 Core knowledge

Core knowledge is a theory from developmental psychology that explains
human cognitive development and knowledge acquisition (e.g., Carey &
Spelke, 1996; Spelke & Kinzler, 2007). Proponents of this theory reject
the neo-empiricist idea that human brains are blank slates, and that all
knowledge acquisition is the result of sensory experience, but they also
question the massively modular conception of the mind proposed by evo-
lutionary psychologists (e.g., Cosmides & Tooby, 1994b), according to
which the human brain has a myriad of domain-specific conceptual mod-
ules (see subsection 3.2.1 for a discussion of this). Instead, humans are
argued to possess a limited number of distinct bodies of innate knowl-
edge that pertain to physical, psychological, biological, geometrical and
numerical aspects of environment. These core principles have a distinctly
theory-like character, and are posited to be innate. Core knowledge,
therefore, can be best regarded as distinct domains of innate knowledge
that underlie our interactions with the natural world. Each system pos-
sesses a set of principles that serves to individuate the entities in its
domain and to support inferences about the entities’ behavior (Spelke
& Kinzler, 2007, 89). In this sense, core knowledge domains are inten-
tional modules (“intentional” is used in the sense of aboutness)—they are
characterized in terms of what they represent (Segal, 1996).

One of the best studied examples of core knowledge is intuitive physics.
Experimental evidence (e.g., Spelke, 1990; Spelke, Phillips, & Woodward,
1995) indicates that infants understand physical events in terms of three
principles: contact, cohesion and continuity (see also section 6.2). The
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contact principle states that infants expect that inanimate objects do
not move by themselves, but that they need to be in direct contact with
an agent or another moving object in order to be set in motion. Co-
hesion means that infants are surprised, as indicated by a longer look-
ing time5, when a solid object falls apart without any apparent external
cause. Infants also believe that objects that are out of sight continue
to exist: thus, when four-month-olds observe a drawbridge-like object
rotating fully backwards onto an occluded object, they exhibit surprise
when its rotation is not stopped, but continues as if that object is no
longer there (see Baillargeon, 2004, for a review). Even in adults, these
intuitions continue to play a role when they draw inferences. For exam-
ple, the intuition that inanimate objects do not move, unless acted upon
by external causes, is so strong that a sudden noise or movement, such
as a window slamming shut, is automatically interpreted as caused by
an agent (Guthrie, 1993). It requires conscious deliberation to consider
that the window might have been shut by the wind. An inanimate ob-
ject coming toward us at great speed, such as a ball, elicits a di↵erent
set of expectations compared to an animate object that does the same
thing, such as a student running toward you: only in the latter case do we
attribute internal mental states to account for the motion of the object.

Although core knowledge has been mainly proposed as a nativist the-
ory to explain infant’s and young children’s expectations and inferences,
proponents of this theory think that core knowledge also “guides and
shapes the mental lives of adults” (Spelke & Kinzler, 2007, 89). During
cognitive development, core knowledge gets supplemented and enriched,
but never fundamentally revised. According to Carey and Spelke (1996),
the acquisition of scientific knowledge can be seen as just one instance
of this enrichment. This idea has some a�nities with John McDowell’s
(1996) notion of Bildung (upbringing and education), the process by which
we acquire knowledge through experience, such as an ability to make eth-
ical or normative judgments. The inferences that scientists draw are, to
use a phrase by McDowell (1996, 84) “habits of thought and action” that
constitute a “second nature.” However, as Bill Pollard (2005) has pointed
out, the process through which these habits of thought are acquired has
not been outlined yet.

Take number, another frequently cited example of core knowledge. As

5The looking time procedure will be explained in detail in chapter 2.
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we will see in chapters 2 and 3, some developmental psychologists (e.g.,
Spelke & Tsivkin, 2001) have argued that humans are innately endowed
with two systems to represent cardinality: one that deals with small nu-
merosities up to three, and a second one that handles the approximate
representation of larger numerosities6. These two systems are phylogenet-
ically ancient (they have been attested in a variety of nonhuman animals),
and they arise early in development. The discrimination of small numbers
has been demonstrated in newborns (Antell & Keating, 1983); the system
that deals with the estimation of larger numbers has been demonstrated
in six-month-olds (Xu & Spelke, 2000). Separately, these systems do not
allow us to represent natural numbers accurately above four. Spelke and
Tsivkin (2001) have argued that natural language provides us with the
ability to combine intuitions from both psychological systems: as children
learn the counting routine, they generalize the successor function of the
smallest natural numbers (one, two, three) to larger numerosities. A more
detailed account of this idea will be presented in subsection 2.3.2. For
now, it su�ces to point out that, even if natural language does provide
us with a plausible mechanism to explain how children go beyond their
core knowledge of number to an understanding of natural numbers, it
does not provide an adequate mechanism to explain their understanding
of fractions or negative numbers. Indeed, as we shall see in more detail
in subsection 3.4.3, negative numbers are not only enrichments of core
numerical intuitions, but actually also violate these intuitions.

Since proponents of the core knowledge approach present systematic
knowledge acquisition as enrichment of innate knowledge, they cannot
deal well with cases where mathematical or scientific knowledge violates
our evolved intuitions. For example, many developmental psychologists
(e.g., Gelman, 2004) argue that our intuitive biology incorporates an es-
sentialist stance, by which we intuitively judge the properties and be-
haviors of particular animals, plants and even social categories in terms
of an underlying species-specific essence or a social kind-specific essence.
Evolutionary theory is not in agreement with this, because it conceptual-
izes species not as kinds, but as populations that are subject to variation
and change through time. This tension between intuitive and scientific
beliefs in the domain of biology will be further explored in chapters 6,
7 and 8. Similarly, neuroscientists and cognitive psychologists have ac-

6Not all developmental psychologists agree with this two-system model of numerical
cognition, as we will see in chapters 2 and 3.
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cumulated knowledge that seems to contradict our intuitive psychology
in quite radical ways. For example, neuroscientists have known for some
time that human actions are not always a result of conscious mental de-
liberation: a study where participants could freely decide which of two
buttons to press indicates that the relevant brain areas that are involved
in a left or right button press become active up to 10 seconds before
the participant becomes consciously aware of this decision (Soon, Brass,
Heinze, & Haynes, 2008). Studies like this are not in agreement with in-
tuitive psychological notions, where conscious internal mental states are
regarded as what causes us to act (see Wegner, 2003a, for review). How
does a neuroscientist integrate this information in her set of beliefs on
human psychology? It seems hardly likely that she would simply add
this information to her folk psychological notions. Instead, it seems more
plausible to assume that both types of knowledge, intuitive psychologi-
cal knowledge and expert scientific knowledge on human psychology, are
quite distinct and exist side by side.

1.2.2 Intuitive and reflective beliefs

The social and cognitive scientist Dan Sperber (1997) has argued that
our folk psychological notion of “belief” actually refers to two types of
doxastic attitudes, which he labels “intuitive beliefs” and “reflective be-
liefs”. Intuitive beliefs emerge spontaneously through an interaction of
our cognitive architecture and the external world. They are formed with-
out deliberation or reflection, and stored in an intuitive mental lexicon,
akin to Fodor’s (1975) language of thought. The belief in Eddington’s
first table falls into this category. It is a result of properties of our vi-
sual system in conjunction with various conceptual cognitive capacities
involved in object recognition and representation. This provides us with
the commonsense intuition that the world is populated by solid objects
(see e.g., Sullivan, 2009, for discussion). In this sense, intuitive beliefs
are like Thomas Reid’s (1764) commonsense beliefs (see also section 8.3).
Supposedly, the evolutionary function of intuitive belief formation is the
representation of beliefs that are about relevant properties of our sur-
roundings (Leslie, 1987). Such beliefs enable organisms to act adaptively
in the environment7. Sperber (1997) argues that intuitive beliefs can also

7Whether such beliefs are also likely to be true is a matter that will be discussed in
chapter 9.



16 Chapter 1. Introduction

be formed as a result of testimony. For example, my belief that koalas
subsist almost exclusively on a diet of eucalyptus leaves was not formed
through experience, but through testimony. Yet, this belief could in prin-
ciple have been derived from perception and spontaneous inference which,
according to Sperber, is why it is an intuitive belief.

By contrast, reflective beliefs are endorsed through explicit reasoning
or an exclusive reliance on testimony. They are not stored in an intuitive
lexical format, but rather, they are stored as representations. The belief
in Eddington’s second table is an example, as is most other scientific
knowledge. Reflective beliefs are a byproduct of the human ability to
store representations as beliefs. For example, we are able to distinguish
between:

1. Peter believes that the capital of Australia is Sydney.

2. The capital of Australia is Sydney.

Peter has a false belief, since the capital of Australia is in fact Canberra.
Because we are able to represent his belief as a belief, we can shield it
from our other beliefs. We store his belief as a reflective belief. This
makes it possible for us to understand that (1) may be true, whereas (2)
is false. Several authors (Sperber, 1997; Pyysiäinen, 2003) have argued
that the human capacity for reflective beliefs is an adaptive mechanism
that allows us to represent beliefs in such a way that they do not infect the
rest of our cognitive system. Were there no way to mark representations
as representations, the belief “that the capital of Australia is Sydney”
would corrode our own, correct belief. Arguably, even allowing free reign
to beliefs that we hold to be true is epistemically hazardous. Theists,
for example, may sincerely believe that whatever happens is God’s will,
but this does not prevent them from acting in such a way that their own
desires and intentions are furthered. As Ilkka Pyysiäinen (2003, 118) puts
it, a firm conviction that “the growth of the crops depends on the proper
worship of the ancestors must not lead one to abandoning work in the
fields.” Belief in God could therefore be seen as a reflective belief.

The capacity to form reflective beliefs already arises in young children.
Imagine a toddler who pretends that a block is a cup. The child can
perform actions like pretend-drinking from the block, or pouring pretend-
beverage into it. Again, if there were no way to isolate the representation
“The block is a cup”, pretense would be cognitively costly: the toddler
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would no longer be able to discriminate between cups and blocks, since she
has just included the block into her category of cups (Leslie, 1987). This is
of course not what happens: despite their elaborate and frequent pretend
games, young children rapidly build out an encyclopedic knowledge of
their environment. In sum, some of our beliefs must be marked in such
a way that they cannot migrate freely within our body of beliefs. This is
why the above-mentioned cognitive scientists argue that humans are able
to mark some beliefs as representations that are referentially opaque.

The category of reflective beliefs is very large, and includes not only
false beliefs, religious beliefs and forms of pretense, but many other
nonobvious beliefs that are transmitted through testimony, and endorsed
through reflective and explicit reasoning processes. Scientific beliefs fall
into this category. Interestingly, reflective beliefs and intuitive beliefs can
co-exist, even if they contradict each other. For example, a theoretical
physicist might hold the scientific belief “The objects around me consist
of tiny particles, that are held together by the strong nuclear force.” In
her scientific work, she can use this reflective belief consistently as a back-
ground assumption; she has acquired what Sperber (1997, 79) has termed
“reflective mastery” over this belief. Yet in her day-to-day life, she treats
objects as solid, separate entities. Likewise, an evolutionary biologist may
have the scientific opinion that species are transient populations of indi-
viduals, subject to individual variations and fuzzy boundaries, and not
natural kinds. Yet, in his everyday interactions with the world, he is not
likely to maintain this attitude, and will group individual horses or dogs
into folk species categories, making inductive inferences on the basis of
this category membership. We are able to go about in our everyday lives
by using referentially transparent intuitive beliefs, while being informed
by reflective beliefs in the context of scientific practice.

Although the distinction between intuitive and reflective beliefs pro-
vides a useful and relevant characterization of scientific knowledge, there
may be some drawbacks to Sperber’s account. As François Recanati
(1997, 98) points out, Sperber uses the term “intuitive” in at least two
senses. First, a belief is intuitive if it is (or could be) the output of
perceptual processes or quick, unconscious inferences that rely on these
perceptual processes. In this sense, beliefs that we hold on the basis of
testimony are not intuitive. Second, intuitive beliefs are beliefs that we do
not wonder about: we do not consider their source, nor their justification.
In this sense, some beliefs that we hold on the basis of testimony are in-
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tuitive (as in the koala example above). Sperber thinks that these senses
are extensionally equivalent, but it remains an open question whether this
is the case. Also, the distinction between intuitive and reflective beliefs is
dichotomous, and therefore does not admit of degrees. Yet, some reflec-
tive notions seem to be better compatible with our intuitive beliefs than
others. For example, although medieval impetus physics constitutes a
body of reflective beliefs, it is more compatible with our intuitive physical
notions than with Newtonian or particle physics (see chapter 6). Simi-
larly, creationism is a body of reflective beliefs, but it is arguably more
compatible with our untutored intuitions of teleology and design than
evolutionary theory (Evans, 2000). This is a point where Sperber and I
seem to disagree. According to him, the supernatural powers creation-
ists appeal to “are not intuitive but (cheaply) reflective.” Nevertheless,
he assumes that intuitive biases a↵ect “the success, interpretation, and
propagation of all beliefs”8. It seems to me that creationism is more intu-
itive than evolutionary theory, even though both are bodies of reflective
beliefs. Both came about through a process of cumulative cultural evolu-
tion, but the former is more in line with early-developing intuitions about
design, agency and purpose in nature (see De Cruz & De Smedt, 2010b).
The distinction between intuitive and reflective beliefs is useful because
it enables us to understand how scientists, and people who trust scientific
claims on the basis of testimony, can hold mutually conflicting common-
sense and scientific notions of the world. But the distinction seems too
coarse-grained.

1.2.3 Explanatory depth

Folk beliefs are typically more superficial than scientific beliefs. The for-
mer exhibit a lack of detail of which we usually remain blissfully unaware.
For example, Rozenblit and Keil (2002) asked adults to rate on a seven-
point scale how well they understood mechanisms underlying a variety
of phenomena, such as the tides, the propulsion of a helicopter, or how
a zipper opened and closed. Subjects tended to overestimate their own
competence in this area. For example, they were convinced they could
draw a detailed diagram of the function of a helicopter propeller. Once

8http://www.cognitionandculture.net/Helen-De-Cruz-s-blog/cross

-cultural-differences-in-acceptance-of-evolutionary-theory-a-matter-of

-epistemic-trust.html.

http://www.cognitionandculture.net/Helen-De-Cruz-s-blog/cross-cultural-differences-in-acceptance-of-evolutionary-theory-a-matter-of-epistemic-trust.html
http://www.cognitionandculture.net/Helen-De-Cruz-s-blog/cross-cultural-differences-in-acceptance-of-evolutionary-theory-a-matter-of-epistemic-trust.html
http://www.cognitionandculture.net/Helen-De-Cruz-s-blog/cross-cultural-differences-in-acceptance-of-evolutionary-theory-a-matter-of-epistemic-trust.html
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they were challenged to actually provide the diagram, however, most sub-
jects only managed the crudest of drawings that did not show the actual
mechanism. Participants often exhibited shock and surprise at their own
lack of knowledge.

Our intuitive beliefs do not present an overarching, systematic theory
of the world, but are frequently at odds with each other (e.g., diSessa,
1988). This is not to say that folk theories are simplistic or hopelessly
fragmented. As Scott Atran (1998) and others have shown, folk biolog-
ical systems such as the one developed by the Itzaj Maya are intricate,
complex, and allow for a richness of inferences. But the constraints on
coherence in such systems are less stringent than those to which scientific
and mathematical systems are subject. For example, our intuitive geom-
etry has concepts that are in accordance with Euclidean geometry (see
e.g., De Cruz, 2009a), but unlike Euclidean geometry, these intuitions
are not linked in an axiomatic system. Calling our geometrical intuitions
“psychological axioms” as Bloom and Wynn (1992) did, may therefore
be misleading.

Frank Keil (2003) suggests that people do not have detailed, rich folk
theories, but that they rely extensively on distributed cognition: they
consult manuals, the internet, or ask expert advice whenever they are
faced with a specific problem. Deference to experts and trust in knowledge
through testimony are crucial. Although I do not know how my heating
works, or what caused it to stop functioning at one point last winter,
I trust in the expert knowledge of a mechanic, who has a detailed and
fine-grained knowledge of its workings. Lutz and Keil (2002) found that
even five-year-old children already grasp this division of cognitive labor.
They understand that a mechanic is better informed than a physician
with regard to questions concerning the heating, and that a physician is
the person to consult about health-related problems.

1.2.4 The role of testimony

Testimony plays a crucial role in the acquisition of both folk knowledge
and expert scientific knowledge. Without the ability to rely on the spo-
ken or written word of others, any knowledge beyond commonsense and
one’s own experience would be impossible. New research is always car-
ried out against a background of generally accepted existing knowledge.
This trust in the testimony of scientific experts is not only crucial for
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scientific practice itself, it also explains the ready acceptance of (most)
scientific knowledge by laypeople. For example, western adults readily
accept the general theory of relativity, even though most of them would
be hard pressed to explain this theory, or are not even sure what it is
about (Bloom & Weisberg, 2007). This does not mean, however, that
our acceptance of information through testimony is uncritical. As Eliza-
beth Fricker (2002) has suggested, we seem to monitor the plausibility of
the information we obtain through testimony, for example, by consider-
ing empirical background information that may be relevant to the teller’s
trustworthiness, or by checking its consistency with one’s previously held
beliefs.

Testimony is not only central in scientific practice, it underlies al-
most all human knowledge. Humans may be unique among all animals
studied in that they are willing to trust information that they have not
acquired first hand, but through social transmission, and in that they
incorporate such information readily in their stock of beliefs. This trust
in socially transmitted information is what makes human culture possi-
ble, as can be seen in the following comparison with nonhuman animals.
Although humans are not the only species with cultural traditions, they
are the only extant species that enjoys cumulative culture9 (Tomasello &
Rakoczy, 2003). Our cultural innovations critically build on what has
been achieved during previous generations. This is evident not only in
western culture, with its highly developed technology and science, but
also in cultures with sparser technologies, such as the Inuit, whose tradi-
tional kayaks, weaponry, clothing and housing make optimal use of a very
limited range of materials, basically animal bone, fat, fur and skin, ice and
occasional driftwood (Richerson & Boyd, 2005). Traditional Polynesian
canoes have streamlined design that makes them optimal for navigation
on open sea. The evolution of their design can be traced through arche-
ological and historical data as the gradual and unconscious retention of
favorable variations, with the perilous ocean as the selecting agent (Rogers
& Ehrlich, 2008). It seems hard to imagine these cultural achievements
without cumulative cultural evolution. Detailed analyses of the evolution

9The only exception, perhaps, is the New Caledonian crow (Corvus moneduloides),
which fashions two types of tools to catch invertebrates: one made of twigs, and one of
the barbed edges of pandanus leaves. Hunt and Gray (2003) argue that these distinct
cultural traditions can be best explained by cumulative culture, but this is at present
an exploratory idea.
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of technology (e.g., Basalla, 1988) indicate that such evolution is gradual:
it is not, to borrow a familiar western metaphor, that we are dwarves
standing on the shoulders of giants10—rather, we are dwarves standing
on the shoulders of other dwarves. The comparative psychologist Michael
Tomasello (1999) terms this the ratchet e↵ect of human cultural transmis-
sion: because we readily rely on information obtained through testimony,
human culture can be cumulative.

Nonhuman animals, in particular some primate and bird species, have
rich cultural traditions. Observations of wild chimpanzee communities
indicate at least 39 instances of socially transmitted behavior, ranging
from the use of particular tools to fish termites or ants, the hygienic use
of leaves, or particular ways of clasping hands while grooming (Whiten
et al., 1999). Orangutans have at least 24 socially transmitted forms
of tool use and social behavior (Van Schaik et al., 2003). Nevertheless,
there still seems to be a substantial di↵erence between human culture and
nonhuman cultural traditions: the latter are not cumulative in that they
could in principle be rediscovered through trial-and-error learning. For
example, West-African chimpanzees (Pan troglodytes verus), which are
the best studied species in this respect, crack nuts by way of unmodified
stone tools: they use a large stone as anvil, on which the nut is placed, and
another as hammer, to crack the nut. Archeological evidence from Ivory
Coast of stone tools with wear patterns and traces of starch indicate that
chimpanzees have been using such stone tools since at least 4,300 BP11

(Mercader et al., 2007). Occasionally, individual chimpanzees discover
improvements in the technological procedure, but these are never adopted
by the community at large. For example, one individual in Bossou found
a way to stabilize an asymmetric anvil by placing a smaller stone under-
neath. Although this individual was frequently observed by others, none
of them adopted this technique (Boesch & Tomasello, 1998).

Marshall-Pescini and Whiten (2008) tried to replicate cumulative cul-
ture in a more controlled way. They first showed young chimpanzees how
to extract honey from a box by dipping a stick into it. The subjects mas-

10The expression is attributed to the French neo-Platonic philosopher Bernard of
Chartres (fl. 12th century). The giants he refers to are, of course, philosophers from
Antiquity.

11BP means “Before Present”, a standard way to specify dates in the past. To avoid
the problem of an ever-shifting present, by convention the term “Present” refers to
1950, which roughly marks the beginning of radiocarbon dating. I will be using BP for
prehistoric dates, and BC/AD for historic dates.



22 Chapter 1. Introduction

tered this technique quickly. In a second stage, the human model demon-
strated a more complex procedure that applied the previously learned
dipping technique to lever the lid o↵ the box. Although this technique
was more e�cient (because it is easier to reach the honey), none of the
subjects was able to master it, even though they could perform the sep-
arate steps. It seemed as if these animals were “stuck” on the simpler,
suboptimal technique that brought them some immediate reward. One
reason for this may be that chimpanzees acquire information in a way
that is fundamentally di↵erent from the way humans learn things. Ex-
tensive observations of the interactions between young chimpanzees and
their mothers indicate that the former learn to use tools by looking at
their mothers, and attempting to reconstruct, for themselves, the tech-
niques she is using (Matsuzawa, 2007). In other words, chimpanzees only
adopt socially transmitted information when they can reconstruct the be-
havior for themselves. Under some experimental conditions, chimpanzees
are more e�cient than children at solving tool-use problems, because
they figure out their own solution, rather than depending on the subopti-
mal solution demonstrated by an experimenter (Horner & Whiten, 2005).
The reason that chimpanzee technology has not advanced for thousands
of years, whereas that of humans has, probably has a lot to do with the
fact that humans are willing to rely on socially transmitted information.
We place trust in what others tell or demonstrate us, unless we have
compelling evidence that suggests that our trust may be misplaced.

Trust in testimony thus lies at the basis not only of scientific knowl-
edge, but of human culture as we know it12. Evidence for cumulative
culture is ancient. For example, the Oldowan, the oldest human stone
tool technology, which can be traced back to 2.5 million years BP (Semaw
et al., 1997), requires a careful and deliberate choice of optimal striking
angles and good-quality stone cores to knap. Only oblique-angled strikes
result in the razor-sharp flakes that are useful for scraping meat and
other tasks (Delagnes & Roche, 2005). Moreover, only nodules with a
fine grained and even (isotropic) structure are useful for stone tool man-
ufacture. Even the earliest stone tools from Gona, Ethiopia, dated at
2.5 million years BP, were made from the locally scarce vitreous volcanic

12In this context, I use the term “testimony” not only to refer to speech acts, but
also to nonverbal demonstrations, such as how to knap a stone tool or how to trap
a fish. Thus, the human reliance on testimony may predate the evolution of human
capacities that allow for natural language.
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clasts, not from the locally abundant basalt, which is of lower quality,
and is less easy to work (Stout, Quade, Semaw, Rogers, & Levin, 2005).
This indicates a form of cultural evolution that probably relied on testi-
mony, e.g., they could nonverbally point out that knapping basalt leads
to blunt-edged flakes, or copy the material choice of more experienced
knappers. Experimental studies indicate that chimpanzees and bonobos
cannot master Oldowan stone technology, not even after several years of
deliberate instruction (e.g., Schick et al., 1999).

Given that knowledge obtained through testimony has been so im-
portant in human culture, and has been so for millions of years, it is
not surprising that humans exhibit cognitive adaptations that seem to
indicate that they (1) are ready to rely on knowledge obtained through
testimony if there is no reason to mistrust the information (no evidence
against the teller’s trustworthiness, match with background knowledge),
and (2) have ways to assess the quality of knowledge obtained through
testimony (plausibility monitoring). Mathematical modeling of cultural
evolution (e.g., Rogers, 1988; Boyd & Richerson, 1995, 1996) indeed indi-
cates that a reliance on socially transmitted information is only possible
if agents are selective in whom to trust (e.g., choose to trust the infor-
mation of an expert rather than a novice) and in what to trust (e.g., be
critical of information if it conflicts with one’s own ideas and intuitions).

Children readily accept information they get through testimony. In
their study of episodic memory in children, Taylor, Esbensen, and Bennett
(1994) found that three- and four-year-olds do not even remember that
they obtained new information, but believe they have always possessed
this knowledge. The children in their study were taught either a new
color name (e.g., chartreuse) or a new fact (e.g., tigers have black stripes
for camouflage). Even immediately afterwards, the toddlers insisted that
they always knew this. Similarly, when shown that a litmus paper, dipped
in acid, turned pink, young children argued that they knew this novel
fact for a long time, even though a pre-test had established that they
actually did not know the fact in question. This source amnesia cannot
be attributed to a poor memory in general: children of the same age
who received a new toy, for example, could accurately report that they
had just received it and did not have it for a long time. A more plausible
explanation is that young children are psychologically disposed to acquire
information through testimony: the information received in this way is
added to their beliefs in such a way that there is no qualitative distinction
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between that and previous knowledge, leading to the impression that they
have known it for a long time. Also, perhaps more crucially, children do
not make a distinction between knowledge acquired through testimony
(e.g., the tiger fact) and knowledge acquired through direct experience
(e.g., the litmus fact) (Harris, 2002).

Admittedly, older children and adults are capable of discriminating
and remembering the sources of information, but even in these cases,
information acquired through testimony and that acquired from own ex-
perience tends to blur in our memory, so that we often cannot remember
its source. This is perhaps most dramatically illustrated by Elizabeth
Loftus’ research on eyewitness reports. Loftus (2003) demonstrated that
leading questions can contaminate an eye witness’ memory. For example,
when subjects are shown a video recording of a simulated car accident and
later asked “Did you see how fast the cars were going when they smashed
into each other?”, subjects were more likely to report fast speeds than
those subjects who were asked how fast the cars were going when they
hit each other. Interestingly, the word smashed also induced false mem-
ories of shattered glass. More impressively, Loftus (2003) succeeded in
making subjects believe that they experienced events that were entirely
confabulated, such as getting lost in a shopping mall at age six, and being
rescued by an elderly person, or participating in a balloon ride. Many
subjects reported vivid memories of these fictitious events, often embel-
lishing the accounts with additional details. In this research, what is
at stake are the pernicious e↵ects of subsequent questioning and verbal
reports on the reliability of eye witnesses, but the question of why our
memory is so vulnerable to speech acts by others is seldom addressed.
Developmental psychologist Paul Harris (2002) compellingly argues that
these memory distortions indicate that the human cognitive apparatus
makes little di↵erence between knowledge obtained through testimony
and knowledge acquired through direct experience. As we have seen, this
is an important ingredient of cumulative culture.

The commonsense philosopher Thomas Reid (1764, 478) observed that
our default stance seems to be to trust in testimony: “It is evident, that,
in the matter of testimony, the balance of human judgment is by nature
inclined to the side of belief; and turns to that side of itself, when there is
nothing put into the opposite scale.” However, sometimes there are rea-
sons to be critical of testimony, and it turns out that prelinguistic infants
and young children are capable of this. In a classic study by Meltzo↵
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(1988), 14-month-olds observed an adult who turned on a light box by
pressing it with his forehead. After a week delay, the majority of the
infants pressed the box with their foreheads, even though a hand press
would have been just as e↵ective. This indicates that the infants are
quite willing to imitate adults. However, a subsequent modification of
this experiment (Gergely, Bekkering, & Király, 2002) indicates that even
at this age, infants do not imitate blindly. Gergely and colleagues repli-
cated Meltzo↵’s study, but added a variant where the actor was holding
a blanket wrapped around her shoulders while pressing the button with
her forehead. The infants who witnessed this condition were less likely to
imitate the head press, but instead chose to press the button with their
hands to turn on the light box. This suggests that even at an early age
children are capable of taking into account contextual information (such
as that one cannot press something when one’s hands are occupied) when
assessing demonstrated behaviors.

As they get older, children get more proficient at assessing transmit-
ted information. When five-year-olds hear about a competition with an
unclear outcome, they are more likely to believe a person who claims to
have lost the race than one who claims to have won it, supposedly be-
cause the former’s statement goes against his self-interest (Mills & Keil,
2005). In another study (Harris, Pasquini, Duke, Asscher, & Pons, 2006),
6-year-olds were asked how confident they were in the existence of gener-
ally endorsed beings such as Santa Claus and the Tooth Fairy, and in the
existence of scientific entities such as germs or oxygen. Interestingly, the
subjects were significantly more confident about the existence of scientific
unobservables than they were of the endorsed beings, and this despite the
fact that they knew what Santa Claus looks like, but did not know what
germs look like. A possible reason for the discrepancy might be that
scientific entities are salient explananda: one could imagine that parents
frequently appeal to these invisible entities in their everyday explanations
such as “wash your hands before dinner to remove the germs that you
might have picked up at school or on the bus”, or “let’s open a window
to let some oxygen into this room”, whereas entities like Santa Claus and
the Tooth Fairy only appear in temporally limited circumstances. So it
appears that even from an early age humans not only gauge the trustwor-
thiness of the teller, but also the explanatory potential of the transmitted
information.

Epistemic trust is not just deference to expertise or authority, but also
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depends on the cultural salience of the transmitted information. This idea
meshes well with a study by Lombrozo, Thanukos, and Weisberg (2008),
who noted that teenagers who have more confidence in science, and who
are more interested in science, are more likely to endorse evolutionary the-
ory. This e↵ect even held when Lombrozo et al. (2008) controlled for their
actual knowledge of scientific principles. The reverse also holds: children
who grow up in strict religious environments believe that explanations
furnished by religious books and leaders are true and dependable, and
are suspicious of scientific accounts (Evans, 2000). In the United States
and other countries with significant fundamentalist minorities, epistemic
trust in science seems to be inconsistent13, characterized by what Philip
Kitcher (2008) has termed hybrid epistemologies: people go along with
scientific recommendations on some occasions, such as medicine and tech-
nology, but they defer to nonscientific authorities (especially religious tes-
timony) on other occasions, like the origin of species. Although we are
epistemically vigilant, we might be especially so about information that is
not in tune with our intuitive understanding of the world. It takes more
cultural support to teach children about the existence of, say, germs, than
it does to teach them about the existence of, say, tables. On the basis of
this, we can predict that the cultural transmission of nonintuitive knowl-
edge requires extensive cultural sca↵olding, in the form of institutions
and artifacts. This will be a unifying theme throughout this dissertation,
in particular in chapters 4, 5, 8 and 9.

1.3 Scientific practice and ordinary modes of rea-
soning: Discontinuity or continuity?

A topical question in the cognitive science of science is to what extent
ordinary modes of reasoning are continuous with scientific reasoning. To
put this di↵erently: is the fact that humans have developed scientific
practice largely dependent on historically contingent cultural and social
factors, or is it due to the intrinsic features of human cognition? To be
sure, extrinsic factors such as the invention of printing have played an
important role. However, disagreement exists on the question to what
extent innate cognitive abilities have played, and continue to play, a role

13See, for example, Miller et al.’s (2006) study on acceptance of evolutionary theory
across cultures.
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in science. Some scholars (e.g., Brewer, Chinn, & Samarapungavan, 2000)
insist that there is a fundamental continuity between scientific and non-
scientific modes of thought, as even young children prefer parsimonious
and coherent explanations over ad hoc and incoherent accounts. If this
view were true, there is no major discontinuity between scientific and
intuitive modes of reasoning and science could be explained in terms of
evolved cognitive abilities that are universal in humans, in combination
with mechanisms of cultural evolution. Others, (e.g., McCauley, 2000)
however, hold that science requires cognitive skills that have no basis in
cognitive evolution; science can only arise in specific cultural conditions
through deliberate practice set in highly institutionalized environments.
In what follows, I will review several positions on the relationship between
scientific and everyday reasoning.

1.3.1 Science as the result of deliberate practice

In many respects, the discontinuity between scientific and everyday rea-
soning seems almost self-evident. There is a long tradition in philosophy
of science, going back to at least Francis Bacon’s Novum organum, dat-
ing to 1620, to regard scientists as individuals who have freed themselves
from biases and error, and who have cultivated highly specialized forms
of creative discovery and problem-solving. Scientific practice is a recent
phenomenon in the history of Homo sapiens, even if we take into account
its historical precursors such as Greek and Indian natural philosophy.
Today literacy and numeracy are globally spread to an unprecedented
extent, but scientific literacy remains notably lacking. For example, 40%
of the US adult population hold the conviction that the Earth is only
about six thousand years old and that species appeared on this planet in
their present form14. The vast majority of the world’s population does
not engage in science, and does not understand its basic concepts. The
American Association for the Advancement of Science estimates the to-
tal number of researchers and engineers in 2006 at 5.8 million15, which
is less than 0.01% of the world’s population. The process of becoming
a scientist is an arduous road, involving years of intensive training and
study within specific, structured environments such as research-oriented

14http://www.gallup.com/poll/145286/Four-Americans-Believe-Strict

-Creationism.aspx.
15http://www.aaas.org/spp/rd/world06se.pdf.

http://www.gallup.com/poll/145286/Four-Americans-Believe-Strict-Creationism.aspx
http://www.gallup.com/poll/145286/Four-Americans-Believe-Strict-Creationism.aspx
http://www.aaas.org/spp/rd/world06se.pdf
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universities or scientific societies. Like other highly specialized cultural
accomplishments, such as playing a musical instrument at a virtuoso level,
becoming a scientist requires an extended period of preparation and de-
liberate practice (about ten years), combined with long work hours, often
60 hours per week or more (Ericsson, Krampe, & Tesch-Römer, 1993).

The philosopher Robert McCauley (2000) has argued that science is
an unnatural form of reasoning. He contrasts science with religion, which,
according to McCauley, does come naturally to us. McCauley uses the
term “natural” in a fairly restrictive sense, namely as those features that
arise early and spontaneously, with very little cultural support, such as
natural language. As he succinctly puts it “Natural cognition is what
comes to all of us easily. It takes little, if any, work.” (McCauley, in
press). A large experimental literature in cognitive science has indeed
provided considerable support for the naturalness of religious beliefs. An
intuitive distinction between a physical body and a nonphysical mind
arises in very young children in the absence of explicit education, leading,
for example, to an intuitive belief in the continuity of mental states of
dead agents, even in children who are raised in a secular environment (e.g.,
Bering, McLeod, & Shackelford, 2005; Bloom, 2007). Psychological du-
alism, not monism, thus seems to be the default intuition (Bloom, 2004).
Creationist intuitions about the purposiveness and design of natural ob-
jects, including plants, animals, but also natural objects like mountains
are persistent in young children (e.g., Kelemen, 2004). By contrast, ac-
cording to McCauley (2000), science is unnatural. With “unnatural”, he
refers to “conjectures that we approve only after we have spent some time
reflecting on them and carefully weighing the evidence for and against
them” (McCauley, in press).

If science were indeed unnatural, its cognitive study would be only
of academic interest for our understanding of human cognition. This
proposed unnaturalness of science does not sit easily with the view that
science is one of the hallmarks of the human species (defended amongst
others by Mithen, 1996; Carruthers, 2006; Feist, 2006), and that it is a
specific product of a uniquely human cognitive architecture. However,
McCauley (2000) may be overstating his case when he makes this di-
chotomous distinction between natural and unnatural cognition. Scien-
tists often rely on metascientific assumptions and methods that are not
explicitly taught, but without which scientific practice as we know it
would be impossible. For example, inductive inference is widely used in
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scientific practice, and it also occurs in young children and nonhuman
animals. Two-year-olds rely on kind properties to make inductive infer-
ences about new exemplars: when they are told that a dodo is a bird, they
will readily infer that dodos build nests and lay eggs (Gelman & Coley,
1990). As is well known, rats develop an aversion to new types of foods
that previously made them ill, generalizing one instance to the new food
type (Staddon, 1983). Inference to the best explanation, likewise, plays
a prominent role in scientific as well as everyday understanding: young
children (Lombrozo, 2007) as well as lay adults (Ahn, Kalish, Medin, &
Gelman, 1995) have a preference for explanations that provide them with
a sense of understanding, even if such explanations are comparatively not
the most likely ones. It is perhaps more accurate to say that scientific
practice contains both natural and unnatural elements. Scientists indeed
often adopt highly counterintuitive modes of reasoning and beliefs, but
they also draw inferences that are very much in line with everyday com-
monsense reasoning.

The educational psychologist David Geary (2007a) makes a more
fine-grained distinction between biologically primary intuitive knowledge,
which arises as a result of evolved cognitive capacities, and biologically
secondary knowledge, which is acquired through extensive education and
practice. According to Geary (2002, 2007a), the minds of students are
not like blank slates or sponges, but rather, they consist of specialized
learning mechanisms that make some types of knowledge easier to ac-
quire than others. It is not the intrinsic complexity of particular skills or
bodies of knowledge that makes them easy or hard to master, but rather
the way our brain is tuned, through natural selection, to deal with them.
Natural language is an example of a complex skill that very young chil-
dren can master in the course of only a few years, without any deliberate
instruction, and even in the absence of instruction, as has been attested
by the spontaneous emergence of languages in deaf communities (e.g.,
Sandler, Meir, Padden, & Arono↵, 2005). This is not because language is
simple, but because the human brain is equipped with mental capacities
that make language acquisition possible. Other examples of biologically
primary knowledge include an intuitive number sense, which allows us
to estimate numerosities (see chapters 2 and 3), an intuitive geometry,
an intuitive biology (see chapters 6 and 8), and an intuitive grasp of the
motions of inanimate objects (see chapter 6). Biologically primary knowl-
edge exhibits relatively little cultural variation. For example, as we shall
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see in chapters 2, 3 and 4, a rudimentary understanding of number exists
also in cultures without number words or counting routines.

By contrast, skills such as reading and writing, having been invented
only a few thousand years ago, require deliberate practice and active in-
struction, as our brains are not equipped with specialized learning mech-
anisms that facilitate acquiring them. Reading activates a large network
of brain areas, some of which overlap with the comprehension of spoken
language, whereas others seem to be unique to reading. For example,
the visual word form area, located in the left occipito-temporal sulcus, is
highly attuned to the visual recognition of words. The homolog of this
area in monkeys is specialized in detecting the elementary shapes of which
more complex objects are composed, such as the shape of an eye or an
ear (Dehaene, 2005). To read and write, the responsive properties of this
area need to be retrained to a considerable extent. For example, the hu-
man visual system is prone to generalize spontaneously across left-right
symmetry, recognizing objects regardless of whether they are oriented to
the right or left. This makes sense from an ecological point of view, since
it allows one to easily recognize the outline of a predator or prey against
the horizon, regardless of which way the animal is facing. But it poses a
special challenge to reading letters that are mirror images of each other,
such as b and d or p and q (Rollenhagen & Olson, 2000). Unsurprisingly,
learning to read and write results in deep and lasting changes in inter-
nal brain organization (Petersson, Silva, Castro-Caldas, Ingvar, & Reis,
2007), a topic to which I will return in chapters 4 and 5.

Biologically secondary bodies of knowledge show considerable cultural
variation. They typically require extensive cultural support for their ar-
ticulation and mastery. For example, the Chinese public examination
system required young aspiring bureaucrats to master, amongst others,
music, archery, charioteering, and calligraphy, none of which are still re-
quirements to graduate from contemporary Chinese universities. Scien-
tific practice, like reading, relies on both biologically primary and sec-
ondary skills. The biologically primary skills that we rely on in scientific
practice include elementary visuospatial, motorical, and numerical capac-
ities, combined with the ability to draw inductive inferences, infer causes,
come up with explanations, connect lines of evidence, and so forth. The
biologically secondary abilities that are at work in science include bod-
ies of specialized knowledge that can be used to approach new problems,
and highly specialized procedural knowledge, such as the ability to extract
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and amplify DNA sequences, or to approach an unsolved mathematical
proof. These latter skills require deliberate practice, but crucially, they
still remain build on the primary abilities. For example, Geary (2007b)
found that children with mathematical learning disabilities are less good
at subitizing than normally developing children. Subitization is the ca-
pacity to determine the numerosity of collections of items with n < 4.
As we shall see in chapters 2, 3 and 4, this ability is present in infants
and nonhuman animals and is probably an evolved cognitive adaptation.
Children with mathematical learning disabilities resort more to count-
ing when presented with small collections, i.e., they count the number
of items in collections that contained only two or three items. Given
that subitization does not require learning, it seems that at least part of
the di�culties that children with mathematical learning disabilities face
are due to structural problems in their subitizing skills. Conversely, chil-
dren who are proficient at mathematics in school context are also good
at nonverbal numerical tasks, such as estimating the quantity of items
in a visual display (Halberda, Mazzocco, & Feigenson, 2008), and they
are more likely to rely on visuo-spatial skills when solving algebraic and
geometric problems. For example, one study investigating the di↵erence
between mathematical strategies in normal and in precocious teenagers
found that the latter deployed spatial skills to solve algebraic problems
by diagramming important relationships apparent in the problem (Dark
& Benbow, 1991).

1.3.2 Children as scientists

One popular model for continuity between everyday and scientific cogni-
tion is the scientist as child, or the child as scientist (e.g. Gopnik, 1996).
This model was actually first introduced by the influential developmen-
tal psychologist Jean Piaget (1929 [2007]). Piaget was impressed by the
ability of children to acquire a vast amount of knowledge about their envi-
ronment in a relatively short period, and was intrigued by the errors they
make in the process. Their frequent conceptual errors suggested to Piaget
that children are not just passive recipients of adult teaching, but that
they actively engage in hypothesis formation and empirical testing. This
focus on the child as a lone autodidact still lies at the heart of the current
child-as-scientist model. Take, for example, Alison Gopnik’s (1996) ac-
count of our acquisition of a theory of mind, our intuitive theory of how
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other minds work. All neurologically normal human beings come to un-
derstand that other people have emotions, desires, and beliefs, and that
these mental states are causally related to their actions. We infer minds
and mental states, even though the only thing we observe are physical
bodies performing actions. How, then, do we come to infer unobservable
mental states? Gopnik believes that infants are only equipped with a
very rudimentary intuition that other people are like themselves. Using
this intuition and their experience of the world, young children build ever
more sophisticated models of internal psychological states. At the age of
two, they can represent desires of others, by the age of three, they under-
stand that other people have beliefs, but do not understand false beliefs,
and by the age of four they learn that other people can have mental states
that do not correspond to the state of the world. Thus, Gopnik argues,
our theory of mind is formed as a result of experience with the world16.

More recently, Gopnik and Schulz (2004) have argued that young chil-
dren make causal inferences consistent with causal Bayes net learning al-
gorithms, which deal with conditional probabilities. Like scientists, they
perform interventions (in the meaning of idealized or actual experiments
in scientific practice), observe interventions by others, and combine the
information obtained through these interventions with their observation
of events that are not the result of interventions. From this, they pro-
ceed to draw more complex causal conclusions. Several experiments that
probed preschoolers’ predictions on a series of causal events, involving
so-called detectors of objects of an unknown type (“blickets”) indicate
that their responses (i.e., inferring which of the objects are blickets) are
in line with causal Bayes net learning algorithms (Gopnik et al., 2004).

Nevertheless, it remains to be seen whether this warrants the infer-
ence that children are a plausible analogy to scientists. For one thing,
the causal inferences that are drawn by rats are also in line with causal
Bayes net learning algorithms (Blaisdell, Sawa, Leising, & Waldmann,
2006), but the concept of the scientist as rat or the rat as scientist seems
less attractive. Next to this, as Peter Carruthers (2006, 350) points out,
scientists often engage in higher-order thoughts. They think about their
scientific theories as such, wondering whether the data support their hy-
potheses, and they explicitly revise their beliefs in the face of evidence.
Children, by contrast, rarely entertain such higher-order thoughts about

16In subsection 6.2.1, we will survey other theories on the acquisition of theory of
mind.
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their own beliefs. As we have seen in subsection 1.2.4, children are ig-
norant of the source of their beliefs. This counterargument may be too
quick, though. In order to be plausible, the child-as-scientist model does
not need to posit that children are like scientists in every respect. Rather,
the model would need to indicate that cognitive development resembles
scientific practice in some relevant or interesting ways. The next sub-
section will review one such proposal, which draws an analogy between
cognitive development and scientific conceptual change.

1.3.3 Cognitive development as conceptual change

Since Thomas Kuhn (1962) characterized scientific practice in terms of
revolutions, some educational psychologists (e.g., Vosniadou & Brewer,
1987, 1992; Samarapungavan & Wiers, 1997) have taken up the notion
of conceptual change and applied it to the learning process of children.
According to this view, children formulate coherent theories about the
world, including biology, psychology, and astronomy. These theories are
enriched and elaborated as their knowledge about the world improves.
Children’s theories initially diverge from the received scientific models.
Nevertheless, these have an internal consistency and provide a framework
for making inferences and explanations. As they mature, children receive
scientific information, through schooling or other means of social trans-
mission (e.g., parents, documentaries). They assimilate this information
by restructuring their initial models to make them more in accordance
with it, giving rise to a variety of synthetic models. However, as a re-
sult, children are sometimes confronted with anomalies that do not fit
their framework theories. At that point, something akin to a scientific
revolution happens at the level of the individual child, who abandons its
previous paradigm (its own theory) in favor of a new one that is more
in line with science. As Vosniadou and Brewer (1994, 125) formulate
it, “conceptual change is seen as the product of the gradual lifting of
constraints, as presuppositions, beliefs, and mental models are added,
eliminated, suspended, or revised during the knowledge acquisition pro-
cess.”

An apt illustration of the conceptual change approach is the study
of children’s mental models of the Earth, a project started by the devel-
opmental psychologist Stella Vosniadou and co-authors (e.g., Vosniadou
& Brewer, 1992; Vosniadou & Ioannides, 1998). They investigated el-
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ementary school children’s concepts of the Earth using semi-structured
interviews with questions on its shape, the position of people and other
objects on its surface, and the position of the Sun and Moon in rela-
tion to the Earth. To her initial surprise, Vosniadou (1994) found that
young children (of about 6 years old) have coherent models of the Earth
that deviate from what they were taught at school. First-graders initially
adopt a geocentric (pre-Copernican) theory17 of the Earth to explain
changes between day and night, even though this view is never taught
(Vosniadou, 1994). The Earth is typically disc-shaped, or sometimes
rectangular, similar to folk conceptualizations in many cultures (e.g., In-
dian cosmology). A thick pancake shape is also sometimes mentioned.
According to Vosniadou and Brewer (1992), such models are informed by
the children’s intuitive physics and their own experience. For example,
children experience the ground as flat, which leads to the intuition of a
flat Earth. They also have the experience and intuition that unsupported
objects fall downward, which provides further empirical support of a flat
Earth model. To harmonize this with scientific concepts (such as satellite
images of the Earth), they construct the Earth as a flat, circular object.
Cultural influence also plays a role: whereas both Indian and American
first-graders make disc-shaped models of the Earth, only the former will
state that this disc is surrounded by water, in accordance with Indian
folk cosmology (Samarapungavan, Vosniadou, & Brewer, 1996). Interest-
ingly, Australian children, possibly because of their historical ties to the
Old World and the latter’s conceptualization of Australia as being at the
other side of the planet, are much more advanced in their understanding
of the shape of the Earth compared to British children of the same age
(Siegal, Butterworth, & Newcombe, 2004).

As children get older (7 to 11 years), they incorporate more and more
scientific information into their concept of the Earth. This leads to syn-
cretic models with less internal consistency than their initial ones. For
example, some children maintain that humans live inside a hollow sphere
which takes into account spherical images of the Earth, but still main-

17The conceptual change approach sees children’s theories as framework theories,
i.e., they are not exactly like natural philosophical or scientific theories, such as his-
torical geocentrism or essentialism. Rather, there is a superficial resemblance between
the children’s framework theories and these historical theories, but proponents of the
conceptual change approach tend to minimize these di↵erences and make far-reaching
analogies between children’s theories and historically attested theories.
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tains a flat surface for people to live on. Similarly, the dual Earth, shown
on Fig. 1.1, harmonizes intuitive physics with a spherical image of the
earth (Vosniadou & Brewer, 1992). These revisions do not require a fun-

Figure 1.1: An example of a dual Earth model, drawn by the author’s
daughter, who was four years old at the time. The child started to draw
a spherical Earth, with people on opposing sides, indicating some under-
standing of the scientific view. However, she then went on to integrate this
spherical model in a flat plane with typical fauna. It is also a geocentric-
like model, with a small Moon and Sun surrounding the Earth.

damental abandoning of the initial models. For example, the flattened
sphere allows children to maintain their belief that the ground is flat,
but reconciles this with the information that the Earth is a sphere. In
this case, they conceptualize the Earth as flat on top and bottom, and
imagine people to live on the flat areas. It is only during late childhood
(10–12 years) that children abandon these syncretic models in favor of
a scientifically correct understanding. In Kuhnian terms, the increasing
number of anomalous data (which mainly come through education) leads
children to a fundamental reconceptualization of initial concepts. For
example, whereas gravity is initially conceptualized in terms of objects
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falling downward, it comes to be regarded as an attractive force between
objects. This is a form of Gestalt switch that is closely akin to what
Kuhn (1962) proposed when he argued that concepts from early scientific
theories are incommensurable with later ones.

Although the conceptual change approach provides an attractive anal-
ogy between the way humans acquire knowledge and scientific theory
change, there are several points at which this analogy breaks down. First,
as Grei↵enhagen and Sherman (2008) observe, Kuhn (1962) regarded sci-
entific revolutions as a social phenomenon. A scientific revolution oc-
curs when the entire scientific community gradually comes to abandon a
paradigm in favor of a new one. Although the work of single individuals
can be crucial in such an event (e.g., the work by Copernicus and Kepler
in the transition from a geocentric to a heliocentric view), these scien-
tists typically do not regard themselves as revolutionary. As Kuhn (1977,
227) put it, “normal research, even the best of it, is a highly convergent
activity based firmly upon a settled consensus acquired from scientific
education and reinforced by subsequent life in the profession.” By try-
ing to fit scientific revolutions, which are foremost social events, onto
individual children, proponents of the conceptual change approach may
be committing a category mistake. This problem is not specific to the
conceptual change approach, but applies to all child–as–scientist models.
Like their intellectual forbear Piaget (1929 [2007]), these developmental
and educational psychologists tend to conceptualize children as stubborn
autodidacts (Harris, 2002). The analogy is not one between children and
scientists, but between children and a caricature of scientists, the lone in-
dividuals in white lab coats that populate science fiction, but that are not
(and never were) good models for participants in the essentially collective
enterprise that science is.

Another problem with the conceptual change approach is that it im-
plies that conceptual change takes place. However, as we saw in subsec-
tion 1.2.2, in contrast to Kuhnian paradigms, which are entirely replaced
during scientific revolutions, commonsense knowledge often remains in co-
existence with scientific beliefs. Grei↵enhagen and Sherman (2008, 16–17)
give the example of the intuitive human–nonhuman distinction. In school
education, we learn that humans are animals (mammals, primates), but
it still makes sense in several contexts to distinguish between humans and
animals (e.g., places where there are “no animals allowed”, or discussions
about animal rights). Indeed, as will be mentioned in section 6.2.1, it
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seems that our early-emerging ontological assumptions do not really get
fundamentally replaced, even if they are unjustified. To give a striking
example of this: experimental literature indicates that young children
have a high tendency to understand the world in teleological terms (see
p. 162 for discussion). They think that mountains are there to climb on,
or that the Sun is there to provide warmth (Kelemen, 2004). Moreover,
when given a choice between teleological and nonteleological explanations,
preschoolers and elementary school children prefer teleological accounts.
For example, when asked whether rocks are pointy because of natural pro-
cesses (e.g., “bits of stu↵ piled up for a long period of time”) or because of
teleological functions (e.g., “so that animals could scratch on them when
they got itchy”), children typically endorse the latter (Kelemen, 2003).
At around ten to twelve years of age, the preference for teleological expla-
nations lessens, probably because adolescents acquire elaborate coherent
mechanistic explanations through schooling. Although mountains can be
climbed, few adults would claim that mountains are there to climb on.
This is because we have acquired scientific explanations about the for-
mation of mountains (e.g, tectonic activity) which are incompatible with
teleological explanations, where the function provides a su�cient reason
for why structures exist. Remarkably, patients with Alzheimer’s disease
show a re-emerging preference for teleological explanations. For exam-
ple, they think that rain is there so that plants and animals could have
water to drink and grow, rather than the acquired explanation that rain
occurs by water condensing into clouds and forming droplets (Lombrozo,
Kelemen, & Zaitchik, 2007).

Formal education seems to reduce a preference for teleological expla-
nations, but cannot eradicate them. Indeed, when educated adults are
forced to make speeded judgments, they too, show a heightened accep-
tance of teleological explanations: when judging at a glance whether a
statement is correct or not, they tend to endorse teleological, incorrect
explanations, such as “the Sun radiates heat because warmth nurtures
life” (Kelemen & Rosset, 2009). Taken together, these findings indicate
that an intuitive teleological stance continues to coexist with mechanistic
explanations. This speaks against the conceptual change approach, which
suggests a wholesale replacement.
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1.3.4 Mathematical and scientific reasoning as cognition
in the wild

How are mathematicians and scientists, who are endowed with the same
cognitive capacities as other people, and subject to the same cognitive
limitations, able to overcome the heuristics and biases that human cog-
nition is subject to? This question has remained elusive and essentially
unsolved, because scientific practice is in many respects a unique and
culturally contingent phenomenon. It has ancient roots in Greek natural
philosophy, which was characterized by a quest for fundamental laws of
nature and unifying principles, such as regularities in nature or in the
structure of numbers. One could make the case that science and math-
ematics as we know them today could not have developed without the
culture-specific style of analytic thinking that was developed in Greece
and of which present-day western culture is still heir (Nisbett, 2003).
Next to this natural philosophical aspect, current scientific practice also
has an instrumentalist aspect, which is intimately tied to technological
advances, and which has led scientists to pursue theories that are not
only meant to be truth-approximating, but that also have useful, appli-
cable properties (Dear, 2006). Scientific and mathematical practice has
elements that are not found in other forms of knowledge acquisition, such
as an emphasis on proofs and provability in mathematical practice since
the ancient Greeks, and the use of controlled experiments in almost all
branches of scientific inquiry.

The culturally contingent nature of science and mathematics may be
overstated. Lloyd (2007) has criticized Nisbett’s (2003) arguments that
analytic reasoning is characteristic for ancient Greek thought, and has
cast doubts on the sharp dichotomy Nisbett draws between Greek ana-
lytic reasoning and Chinese holistic thought. Instead, there was a wide
diversity of styles of reasoning in ancient Greece as well as in other cul-
tures, such as China. Nisbett’s (2003) distinction between holistic and
analytic reasoning depends on an influential model in the cognitive sci-
ence of reasoning, according to which humans have two modes of in-
ference, one more evolutionarily modern, analytic, and rule-based, and a
second, more evolutionary ancient, holistic, and associative. According to
Nisbett, the former is more typical for western thought, the latter charac-
terizes East Asian reasoning. However, as Sloman (1996) already pointed
out, both styles of reasoning can be found within the west. Moreover,
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as Carruthers (2006, 340) observes, this picture draws an unrealistically
sharp line between science on the one hand and technology and invention
on the other. In the archeological record, we see a gradual and cumu-
lative series of improvements over the past few million years. To give
a brief overview of these improvements, at about 2.5 million years BP,
East-African hominids started out with a simple stone tool technology
(Oldowan) that consisted of sharp flakes to deflesh carcasses and ham-
mer stones that were used to crush bones in order to obtain the marrow
within (Semaw et al., 1997). Later, starting about 1 million years ago in
Africa, Asia and Europe, this Oldowan technology was replaced by more
e�cient, highly symmetric handaxes, which were used by various hominid
species (Homo ergaster, Homo erectus, and Homo heidelbergensis). About
400,000 years ago, European Homo heidelbergensis developed highly spe-
cialized, streamlined wooden javelins that were used to hunt large game
(Thieme, 1997). About 100,000 years ago, early African members of our
species Homo sapiens began to fashion a variety of tools, including bow
and arrow hunting technology (Lombard & Phillipson, 2010) and worked
bone in the shape of harpoons (Yellen, Brooks, Cornelissen, Mehlman,
& Stewart, 1995). As can be gleaned from this short overview, these in-
novations were spread all over the Old World, which speaks against the
view that the instrumental part of science would have its origin uniquely
in western culture.

The distinction between cognition as investigated in the laboratory
and cognition as it actually takes place in mathematical and scientific
practice is well captured by Kevin Dunbar and Isabelle Blanchette’s
(2001) in vitro/in vivo approach to human reasoning. These authors
were puzzled by the poor performance of subjects in comprehension and
generation tasks that involved metaphors and analogies. Subjects seemed
incapable of understanding or using even the most straightforward and
unimaginative metaphors to solve specific tasks. For example, in the clas-
sic “radiation problem” (Gick & Holyoak, 1983), subjects were told that
a person has a stomach tumor and that physicians have a powerful laser
beam that can burn the tumor out. Unfortunately, the beam burns the
healthy tissue as well as the diseased cells. The task is to find a solution
that destroys the tumor but spares the healthy tissue. Some subjects
were given a story that contained the analogy of a large group of soldiers
who storm a castle in small groups. Despite the obvious similarities, Gick
and Holyoak (1983) found that few subjects proposed a solution that was
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analogous to the fortress story (small doses of radiation from multiple
angles). Their participants only came up with this solution after exten-
sive cueing that the story was relevant. Such results do not mesh well
with the observation that people sponanteously come up with inventive,
interesting metaphors in the context of scientific practice, advertising or
journalism. According to Dunbar and Blanchette (2001), the reason for
this apparent discrepancy, is that human reasoning is related to specific
contexts, not to abstract tasks. Thus, performance improves when the
task is not a remote, artificial situation, but a context with which the
subject is familiar, one where she can draw on a variety of external re-
sources.

To begin our quest for the interrelations between scientific and ev-
eryday reasoning in this dissertation, we will consider complex, highly
developed forms of reasoning and knowledge acquisition outside of scien-
tific practice. In Cognition in the wild, the anthropologist Edwin Hutchins
(1995) presented an ethnographic study of human knowledge acquisition.
Reacting against what he saw as an overemphasis on controlled exper-
iments in contemporary cognitive psychology, he attempted to describe
human reasoning as it occurs outside of the laboratory. In this study, he
examined traditional pilotage (i.e., navigation of a ship near land when
coming into port). Hutchins (1995) argued that humans are components
of a complex cognitive system. There are sailors on each side of the ship
who telescopically record angular locations of landmarks relative to the
ship’s gyrocompass. The ship’s navigator integrates these observations
on a chart used to plot the location of the ship. Not only humans, but
also instruments, help to determine the position of the ship. In this case
study, a set of complex interactions takes place, where reasoning processes
are conducted by collaborating humans (sailors and navigator) and their
external aids (nautical telescopes, gyrocompass, nautical charts).

The use of external media is not limited to contemporary societies,
but seems to be a pervasive element of human cognition at least since
the Late Pleistocene (ca. 120,000–12,000 BP). From this period onward,
archeologists find shell beads, notched pieces of ochre and bone, and—
somewhat later—representational art, demonstrating that humans con-
veyed ideas externally in symbolic media. Some authors have proposed to
incorporate this extended cognition as a key element in human cognitive
evolution. For example, the cognitive archeologist Steven Mithen (2000)
argues that the emergence of modern human behavior during the past
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100,000 years was not so much due to intrinsic changes in brain organi-
zation (as some archeologists maintain) as to the emergence of cultural
practices that incorporate artifacts into reasoning processes, like the use
of representational art as memory storage devices. The cave paintings of
Lascaux (Dordogne, France, about 18,600 BP), for instance, can be seen
as mnemonic devices that display animals with their feet turned toward
the spectator, which allowed the artists to depict the shape of the hoof
prints of particular prey species, such as bison and horse (Mithen, 1988).
In this way, future hunters could learn the connection between spoor and
prey. To Mithen (2000, 214) artifacts are especially suitable to repre-
sent ideas that have “no natural home within the mind”—ideas that are
challenging to represent or keep in memory. Evidence of ancient calendri-
cal systems and calculators in bone and antler starting about 30,000 BP
indicate that the epistemic use of artifacts emerged long before science,
natural philosophy and even writing (De Smedt & De Cruz, 2011b). As
we will see in chapters 4, 5, and 9, this extensive use of artifacts and
symbols is characteristic of mathematical and scientific practice.

Next to external support, the collective dimension of science may play
an important role (see chapter 8). Hugo Mercier and Dan Sperber (e.g.,
Mercier, 2010; Mercier & Sperber, 2011) have argued we reason in order to
convince others, and in order to critically assess arguments presented by
others who are trying to convince us. To obtain most of their knowledge,
humans rely on socially transmitted knowledge. This has advantages as
well as disadvantages. On the plus side, social learning saves us the costs
of trial and error experiment. On the minus side, our sources can be
mistaken, or may even try to deliberately deceive us. Indeed, a simple
mathematical model (Rogers, 1988) indicates that even if our sources
are honest, uncritically incorporating social information is a less optimal
strategy than individual learning when the number of social learners in a
population is large and when the environment is changing. We therefore
need a way to evaluate socially transmitted information. To assess the
reliability of information we did not gather first-hand, we can rely on
contextual information about the reliability of the speaker, including our
relationship with the speaker, her reputation, and possible external cues
that might signal sincerity (such as facial expressions). However, we can
also focus on the message itself, and appraise its internal coherence as
well as its fit with existing beliefs. This often involves a dialectic process,
in which speakers try to convince their audience of the reliability of their



42 Chapter 1. Introduction

account, whereas listeners challenge them to see in how far their stories
are internally and externally coherent.

According to Mercier and Sperber (2011), reasoning has evolved in
the context of argumentation. Their primary argument is that reasoning
in group context is less susceptible to the biases and heuristics that are
typical of individual reasoning. For example, individual reasoners exhibit
confirmation bias, i.e., they are prone to seeking evidence and arguments
that are supportive of their pre-existing beliefs. They also show disconfir-
mation bias toward opinions that do not fit with their own views. These
biases are robust and do not disappear as a result of training, not even sci-
entific education (see Mercier, 2010, for review). By contrast, reasoning
improves dramatically when subjects have to solve problems collectively.
For example, even if not a single member of a group knows the correct so-
lution to the Wason selection task, a group can get to the correct answer.
This form of distributed cognition is more than a simple transmission
of information: it is not that the smartest or most knowledgeable group
member di↵uses her correct solution to the rest of the group. Rather,
interacting communities outperform their constituent researchers, includ-
ing their top members (Laughlin, Hatch, Silver, & Boh, 2006)—this is the
so-called wisdom of skilled, focused teams (Katzenbach & Smith, 1993).
Crucial in this is that information is shared and distributed among mem-
bers of the group (van Ginkel & van Knippenberg, 2009), and that there
is discussion and disagreement among them (Schulz-Hardt, Brodbeck,
Mojzisch, Kerschreiter, & Frey, 2006).

Scientific practice presents a case in point. According to Kuhn (1962),
conformism in scientific practice can lead one to disregard some lines of
evidence or to ignore theories for which empirical evidence is not yet sub-
stantial. Since observations are theory-laden, conformism can result in
a poverty of empirical observations, as it leads one to disregard crucial
empirical evidence. Interest in minority views may constitute a cognitive
division of labor (Kitcher, 1990) that is conducive to the growth of sci-
entific knowledge, as happened, for example, in the first half of the 20th
century, where some obstinate geologists continued to invest time and
e↵ort in the then unpopular theory of continental drift, first proposed by
Wegener (1912). It was this obstinacy that led to a major paradigm shift
toward plate tectonics in geology in the 1960s, thanks to the discovery of,
amongst other things, paleomagnetism (Irving, 2005).

Kim Sterelny (2006) has a di↵erent proposal on the evolution of rea-
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soning skills that are used in science. He considers that human science-
like reasoning may have evolved because of the selective advantages it
conferred to a species that evolved under challenging and fluctuating eco-
logical conditions, as proposed by the paleoanthropologist Richard Potts
(1998). We have evolved in a hostile environment, where rationality can
provide us with the ability to come up with creative solutions for prob-
lems that our ancestors did not encounter, and for which we have no
specialized cognitive capacities to help us solve them. The late Susan
Hurley (2003, 231) has argued that even nonhuman animals can occupy
“islands of practical rationality”, for example, in their ability to make
close to optimal decisions when foraging, or in their ability to infer dom-
inance relationships within their social group and act accordingly. Even
though animals cannot articulate these reasons for themselves, there is
no good prima facie argument not to call such behaviors rational. Hurley
(2003, 251) acknowledges that animal reasoning is context-bound and
that nonhuman animals fail to achieve full conceptual generality. How-
ever, human reasoning is also context-bound to some extent, as is evident
by an improved performance in concrete versions of the Wason selection
task versus abstract ones (see footnote 2 on p. 6).

Perhaps, then, the collective and distributive nature of human rea-
soning does go a significant way in answering how humans are able to
engage in scientific practice, and how they overcome cognitive biases in
individual reasoning. Although science is indeed a culturally contingent
phenomenon, one can draw analogies with many other domains of folk
knowledge acquisition. The detailed folk knowledge in domains like bi-
ology, medicine or astronomy has only recently come to be appreciated
(see e.g., the essays collected in Medin & Atran, 1999). Folk knowledge,
like science, often relies on systematic observation, repeated experiment,
and specialists. I will briefly highlight two examples, from ethnoastron-
omy and hunting respectively. The Borana from northern Kenya and
southern Ethiopia use synodic (phase cycle) lunar months to construct
their calendar and to plan their horticultural activities. Lunar phases
are easy to observe, but lunar years are about 11 days shorter than so-
lar years, which would soon lead to an accumulation of errors rendering
lunar calendars useless for the purpose of tracking seasons. To calibrate
their lunar calendar, the Borana use prominent star clusters. Expert
night sky observers, ayantu, add an intercalary month approximately ev-
ery three years. Their decision to add this extra month is solely based
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on astronomical observations, namely when the Moon rises in conjunction
with a particular succession of reference star clusters on successive nights.
Borana ethno-astronomers make multiple night sky observations, formu-
lating hypotheses about the future behavior of celestial bodies and testing
these during observations the following nights. The star clusters play an
important epistemic role, as they are the sole guides in the ayantu’s de-
cision to add the extra month. By using astronomical observations, the
Borana can oversee a period spanning three years, which would other-
wise be impossible within this nonliterate society (Bassi, 1988). Peter
Carruthers (2002, 2006) draws an analogy between tracking of prey by
hunter-gatherers and scientific knowledge acquisition. Prior to the inven-
tion of rifles, wounding an animal was almost never fatal, and hunters
were forced to track the wounded prey for several hours, up to several
days. To track successfully, hunters use a variety of reasoning strate-
gies that are also present in scientific practice, such as making inferences
from the observed to the unobserved (as from the use of tracks and other
marks the animal may have left behind to its behavior and its condition),
or formulating and revising hypotheses about the path an animal may
have followed, based on empirical evidence. Hunters, like scientists, of-
ten work in groups, and discussion and debate are crucial in their joint
ventures.

Mathematical and scientific practice are instances of cognition in the
wild. Cognition in the wild is unlike cognition in the laboratory, in that
it has a collective and embedded dimension that is seldom addressed in
laboratory studies. To get a better insight into how the mind can produce
knowledge under conditions of cognitive bias, it is therefore valuable and
important to study systematic knowledge acquisition in scientists and
mathematicians, despite the inevitable messiness of the data. A starting
point for an empirically-informed scientific naturalism is to attempt to
disentangle those aspects of human cognition that are a result of the
stable properties of the human cognitive architecture, and those aspects
that can be seen as an interaction between evolved cognitive faculties and
the external environment.
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