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Young children selectively explore confounded evidence—when
causality is ambiguous due to multiple candidate causes. This sug-
gests that they have an implicit understanding that confounded
evidence is uninformative. This study examined explicit under-
standing, or metacognitive awareness, of the informativeness of
different qualities of evidence during early childhood. In two
within-participants conditions, children (N = 60 5- and 6-year-
olds) were presented with confounded and unconfounded evi-
dence and were asked to evaluate and explain their knowledge of
a causal relation. Children more frequently requested further infor-
mation in the confounded condition than in the unconfounded
condition. Nearly half of them referred to multiple candidate
causes when explaining confounded evidence. Our data demon-
strate that young children can reason explicitly about the informa-
tiveness of different kinds of evidence.

© 2020 Elsevier Inc. All rights reserved.

Introduction

It is November and roses are still blooming. Is it because this fall has been unusually warm or

because the soil is especially fertile? This

example illustrates one of the central problems in reasoning

about causality both in daily life and in science. Evidence is often confounded: Potential causes often
appear together, and their effects cannot easily be separated. A careful evaluation of confounded
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evidence is the first step toward designing the kind of controlled experiment necessary to reveal
cause-effect relations.

The capacity to judge the informativeness of evidence is essential for reaching accurate conclusions
about causality, a foundational skill for the development of scientific reasoning (Kuhn et al., 1988).
Although formal scientific reasoning is effortful and its development requires explicit training (e.g.,
Carey, Evans, Honda, Jay, & Unger, 1989; Klahr, Fay, & Dunbar, 1993; Kuhn, Black, Keselman, &
Kaplan, 2000; Kuhn & Pease, 2008; Schauble, 1996), a growing literature on young children’s causal
learning abilities suggests an early-developing sensitivity to the quality of evidence. Research on
the duration, variability, and complexity of young children’s exploratory behavior shows that young
children can differentiate confounded evidence from unconfounded evidence (Cook, Goodman, &
Schulz, 2011; Gopnik, 2012; Gweon & Schulz, 2008; Lapidow & Walker, 2020; Schulz, 2012; Schulz
& Bonawitz, 2007). This suggests that young children have, at a minimum, an implicit capacity to rea-
son about confounded evidence.

Scientific reasoning requires metacognitive awareness of epistemic states and knowledge acquisi-
tion processes (see Kuhn, 2000, 2014, and Demetriou, Makris, Kazi, Spanoudis, & Shayer, 2018, for dis-
cussions of the role of metacognition in the development of higher-order reasoning). Explicit
understanding of this kind is a component of metacognition (Schneider, 2008) and can be defined
as “knowing about knowing” (Kloo, Rohwer, & Perner, 2017, p. 280). Taking the quality of evidence
into account in causal learning appears to be an implicit form of understanding evidence as a source
of information, whereas scientific reasoning depends on an explicit understanding of the role of evi-
dence in the knowledge formation process.

The objective of the current study was to examine young children’s metacognitive awareness of the
informativeness of confounded evidence. In the next sections, we discuss findings from two literatures
that are particularly informative for the development of metacognitive awareness of confounded evi-
dence during early childhood: causal learning and metacognitive awareness of knowledge.

Causal learning

Young children have precocious abilities to draw accurate causal inferences from different evi-
dence patterns (see Gopnik & Wellman, 2012, for a review). Some of these abilities are especially per-
tinent to reasoning about confounded evidence and may underlie mature forms of understanding
confounded evidence. For example, reasoning about confounded evidence requires taking into account
conditional dependence and independence of causes and outcomes. As young as 3 years, children
make causal inferences based on conditional probabilities rather than associative information
(Sobel, Tenenbaum, & Gopnik, 2004). Furthermore, reasoning about confounded evidence requires
being able to diagnostically infer the cause(s) of an observed effect when there is uncertainty. Cor-
rectly diagnosing unknown causes improves over the course of early childhood (Sobel, Erb, Tassin,
& Weisberg, 2017). When children are presented with an outcome (i.e., a sound effect) but did not
directly observe the cause of it, 4- and 5-year-olds have basic abilities to infer that an object whose
effect they did not see earlier might be the cause of the sound effect when there are no other alterna-
tive causes available (Erb & Sobel, 2014), and 6- and 7-year-olds can do so when there are multiple
unknown causes (Sobel et al., 2017).

Revealing accurate causes when evidence is confounded often requires making interventions. Chil-
dren actively make informative interventions during exploratory play to reveal causal information
that is not readily available to them, for instance, when evidence is inconsistent (Legare, 2012) or vio-
lates expectations (Bonawitz, van Schijndel, Friel, & Schulz, 2012; van Schijndel, Visser, van Bers, &
Raijmakers, 2015). Young children selectively explore more when evidence is confounded than when
it is unconfounded. For example, 4- and 5-year-olds play longer (Schulz & Bonawitz, 2007) and even
test the effects of potential individual causes to reveal further information (Cook et al., 2011). Young
children‘s information-seeking behaviors are evidence for a sensitivity to detecting insufficient causal
information when evidence is confounded, which may reflect an implicit metacognitive understand-
ing of their own ignorance. However, these findings do not tell us whether young children explicitly
represent their own epistemic states when provided with sufficient or insufficient causal information.
One recent study by Moeller Bachhuber, Sobel, and Sodian (2019) investigated 4- to 6-year-olds’
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explicit epistemic judgments when evidence was confounded. Approximately half of the children
admitted that they did not know what caused the light effect when the evidence was confounded. This
study did not systematically investigate reasoning about confounded versus unconfounded evidence,
however, and to our knowledge there is no other study on causal learning that has assessed children’s
explicit understanding of their own epistemic states.

Some indirect evidence for epistemic awareness comes from children’s explanations, which pro-
vide insight into their explicit understanding of causality and (possibly) their awareness of insufficient
causal information (Callanan et al., 2019; Legare, 2014; Legare & Gelman, 2014; Legare, Sobel, &
Callanan, 2017; Wellman, 2011). Beginning from a young age, children seek to explain causal func-
tions (Legare & Lombrozo, 2014), and they refer to unseen causal mechanisms (Bonawitz, van
Schijndel et al., 2012; Legare, Wellman, & Gelman, 2009; Schulz, Goodman, Tenenbaum, & Jenkins,
2008). Children provide different types of explanations in response to different evidence patterns
(Legare, Gelman, & Wellman, 2010), and the type of explanation they generate predicts their future
exploratory behavior (Legare, 2012). Young children can also revise their causal inferences (Kushnir
& Gopnik, 2007; Schulz, Bonawitz, & Griffiths, 2007) and explanations (Legare, Schult, Impola, &
Souza, 2016) in response to new evidence. These studies show that some form of an explicit under-
standing of causality and causal mechanisms is present during the early childhood years, which is
required for an epistemic awareness of the quality of evidence. Little is known, however, about young
children’s ability to revise their metacognitive beliefs about their own knowledge.

Metacognitive awareness of knowledge

The acquisition of early theory of mind and perspective-taking abilities is related to the develop-
ment of metacognitive awareness of one’s own knowledge and ignorance (Kloo, Sodian, Kristen-
Antonow, Kim, & Paulus, 2020). Theory of mind research has shown that preschoolers possess a basic
explicit understanding of visual and verbal information as a means to acquire knowledge. Around
3 years of age children begin to understand that seeing leads to knowing (Pratt & Bryant, 1990),
and around 4 years they understand that people’s knowledge states (true vs. false) are based on the
information available to them (Wellman & Liu, 2004). Children’s flexibility in understanding the rela-
tion between different qualities of evidence and knowledge states develops substantially from 4 or
5 years of age. Children understand that people may form false beliefs based on fake covariation evi-
dence (Koerber, Sodian, Thoermer, & Nett, 2005; Ruffman, Perner, Olson, & Doherty, 1993) and that
evidence can be used as a means to refute false claims by others (Koksal-Tuncer & Sodian, 2018).

Notably, accurately assessing own knowledge is important for scientific reasoning (Kuhn et al.,
1988). Although the early childhood years are generally characterized by overconfidence in judgments
(e.g., Beck, McColgan, Robinson, & Rowley, 2011), young children indeed communicate their ignorance
when they lack complete information. As young as 2 years, children begin to express their ignorance
via flip or shrug gestures (Harris, Ronfard, & Bartz, 2017). In addition, 3-year-olds correctly express
that they know when they have full access to information and do not know when they have no avail-
able information (Rohwer, Kloo, & Perner, 2012), and 4- and 5-year-olds correctly report own knowl-
edge and ignorance in the case of determinate evidence patterns (Fay & Klahr, 1996; Klahr & Chen,
2003).

Reasoning about partial evidence and recognizing a lack of sufficient information pose greater cog-
nitive demands than total ignorance. The saliency of the available information might lead reasoners to
think that they have enough information even though their information is insufficient to draw correct
inferences (see Kloo et al., 2017). In the case of partial information, Rohwer et al. (2012) reported that
children younger than 5 years often mistakenly judge themselves as knowledgable when they have
partial but insufficient, knowledge. Only around 5 or 6 years of age do children begin to acknowledge
that partial information is inconclusive (Rohwer et al., 2012). Similarly, children begin to consistently
differentiate between degrees of (un)certainty expressed by the epistemic terms know, think, and guess
around 5 or 6 years of age (Kristen-Antonow, Jarvers, & Sodian, 2019; Moore, Bryant, & Furrow, 1989).
This capacity improves over the course of childhood and enables reasoning about different types of
partially informative evidence such as ambiguous or inconsistent evidence patterns (Busch &
Legare, 2019).
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Children’s confidence judgments also point to developing metacognitive abilities during the early
childhood years in the case of uncertainty. This line of research investigates children’s metacognitive
abilities by asking children how confident they are about their memory or judgments (Coughlin,
Hembacher, Lyons, & Ghetti, 2015; Hembacher & Ghetti, 2014; Lapidow, Killeen, & Walker, 2020).
Whereas even 3-year-olds have some abilities to report decreased confidence when they are inaccu-
rate (Coughlin et al., 2015; Lyons & Ghetti, 2011, 2013), around 5 years of age children are relatively
more accurate in reporting decreased confidence in the case of uncertainty. For instance, 5-year-olds
are more accurate than younger children at reporting decreased confidence when they remember
items inaccurately (Hembacher & Ghetti, 2014) and when they have partial or no information
(Lapidow et al., 2020). Taken together, these findings show that at 5 years of age children already have
some ability to reason about their insufficient knowledge in the case of simple patterns of inconclusive
evidence. This suggests that the ability to reason about confounded evidence may also be present at
this age.

The current study

The current study investigated young children‘s metacognitive awareness of the uninformativeness
of confounded evidence. We focused on children’s verbal judgments and explanations as a conserva-
tive measure of their explicit understanding of their own epistemic states in response to evidence. Our
first objective was to investigate children’s judgments of their knowledge states when presented with
confounded evidence as a measure of their metacognitive awareness of different informational qual-
ities. Using a “blicket detector paradigm” (Gopnik & Sobel, 2000), in two within-participants condi-
tions, we presented children with confounded and unconfounded evidence about the cause of a
light effect. We asked children whether they knew or whether they required more information to know
whether an object was causally effective or not. In the unconfounded (control) condition, children
observed that there was only one object that was associated with the light. In the confounded condi-
tion, children observed that two objects were associated with the light effect, but it was unclear which
object was the true cause. Based on previous research on the development of causal learning (Cook
et al.,, 2011; Lapidow & Walker, 2020; Schulz & Bonawitz, 2007), metacognitive awareness in the case
of partial information (Lapidow et al., 2020; Rohwer et al., 2012), and understanding of mental terms
(Kristen-Antonow et al., 2019) during early childhood, we focused our study on 5- and 6-year-old chil-
dren. We predicted that children would be more likely to selectively acknowledge that they require
more information to know the effectiveness of an object in the confounded condition than in the
unconfounded condition. In light of the previous findings, we did not expect a difference between
5-year-olds and 6-year-olds; however, we included age as an exploratory control variable in our anal-
yses because our knowledge of the development of these abilities is limited.

Our second objective was to investigate consistency and change in children’s metacognitive beliefs
about their knowledge in the case of same versus changing evidence patterns. In the confounded con-
dition children observed the same confounded evidence in two repeated trials, whereas in the uncon-
founded condition children observed confounded evidence in the first trial and unconfounded
evidence in the second trial. Previous research has demonstrated that young children can revise their
beliefs about the cause of outcomes based on new evidence (Legare et al., 2016; Schulz et al., 2007,
Schulz & Gopnik, 2004); however, it is unclear whether they also flexibly revise their knowledge judg-
ments. We predicted that children would be more likely to revise their knowledge judgments (from
ignorance to knowledge) in the unconfounded condition than in the confounded condition.

Our final objective was to investigate children’s explanations for why confounded evidence is unin-
formative. After children provided their knowledge judgments, we asked them to explain why they
did not know. We looked at the frequency of children who provided evidence-based explanations
for their ignorance and information seeking by elaborating on the presence of multiple candidate
causes when evidence was confounded. We also asked children to describe what they should do to
know for certain and documented the frequency with which children used the isolation of objects
strategy to gain further information. We predicted that children would provide evidence-based expla-
nations and use the isolation of variables strategy as a means to reveal further information when evi-
dence is confounded.
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Method
Participants

Participants were 60 5- and 6-year-olds (31 girls; M,ge = 70 months, range = 60-81). To determine
the minimum required sample size to reach sufficient statistical power, we performed an a priori
power analysis using G*Power 3.1.2 (Faul, Erdfelder, Lang, & Buchner, 2007). For a medium effect size
(McNemar's test, odds ratio = 3.5, with power [1 — B] set at .08, o set at .05, and proportion of discor-
dant pairs set at .30), a minimum of 60 participants was required. Participants were typically devel-
oping children of lower- to upper-middle-class backgrounds from a large German city, and they
were from heterogeneous socioeconomic backgrounds. Parents signed written consent for their chil-
dren’s participation in accordance with the university ethics committee guidelines.

Materials

A light box, which was a 30 x 20 x 14-cm custom-built wooden box with a LED light strip attached
around, it was used. The light box had an RFID (radio frequency identification) reader inside, and it
was automatically activated when objects with RFID chips were put on it. Cubes (3 x 3 x 3 cm) in dif-
ferent colors were used as objects. The cubes with and without RFID chips were perceptually identical.
Each participant was presented with eight individual cubes in 10 different colors (see Fig. 1). To pre-
vent any systematic effect of color preference, the colors of the cubes used in each phase of the study
and the matched effects of the colors were counterbalanced. Novel labels were used for the effective
and ineffective cubes. Children were told that effective cubes were called “toma” (or “baffe”) and inef-
fective cubes were called “not-a-toma” (or “not-a-baffe”). To ensure that the labels themselves did not
differentially influence children’s learning, half of the children learned the category labels toma and
not-a-toma and the other half of the children learned the category labels baffe and not-a-baffe.

Design

Two within-participants conditions were designed, with the order counterbalanced across partic-
ipants. Each condition consisted of two trials. The second trial of each condition served as the exper-
imental comparison of the knowledge judgments in the case of confounded and unconfounded
evidence. The change and consistency of knowledge judgments in the same versus changing evidence
patterns were examined by looking at the change from the first trial to the second trial in each con-
dition. The first trial of each condition included confounded evidence. The second trial of the con-
founded condition also included confounded evidence (see Fig. 2). In contrast, the second trial of
the unconfounded condition included unconfounded evidence. In sum, children received three con-
founded evidence trials and one unconfounded evidence trial. In each condition, different cubes were
used. The two trials of each condition included the same cubes, with the exception that the second

Fig. 1. Picture of object stimuli (effective cubes on the right, ineffective cubes on the left) and the light box.
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Evidence
Confounded | Unconfounded Questions
condition condition
(1) Do you know whether the green/red
Trial 1 % ﬁ cube is a toma or not-a-toma or do you
not know?
(2) Why?
(3) Do you know whether the green/red
cube is a toma or not-a-toma or do you
Trial 2 % ﬁ need to know more about it?
(4) Why?
(5) What do we have to do to know for
sure? (optional)

Fig. 2. Schematic of the evidence patterns and the questions in each trial. The light box was activated in all trials. The first trial
of each condition and the second trial of the confounded condition are confounded evidence trials. When children reported
sufficient knowledge in response to the first and third questions, they were asked an additional know-guess control question:
“Do you really know or are you just guessing?”.

trial of the unconfounded condition included only one of the cubes. Half of the children received the
confounded condition first and the four trials in this order: confounded, confounded, confounded,
unconfounded. The other half of the children received the unconfounded condition first and the four
trials in this order: confounded, unconfounded, confounded, confounded.

Procedure

Sessions were carried out in separate rooms of kindergartens and were recorded by a video camera.
Each child was tested individually in a session lasting approximately 15 min. In the beginning, the
experimenter and children played a warm-up game together. Children never interacted with the cubes
and the light box themselves, but they observed the experimenter interacting with the cubes and the
light box. The study consisted of a learning phase and a test phase. The test phase included two con-
ditions: the confounded condition and the unconfounded condition.

Learning phase

The aims of this phase were to (a) familiarize children with the materials and their effects, (b) teach
children novel category labels for the effective and ineffective cubes, and (c) demonstrate the effects of
cube pairs when they were placed on the box together. The latter point is critical because the cubes
were presented in pairs in the test phase, and the learning phase taught children the baseline for
cause-effect relationships when cubes were placed on the box in pairs. We used a disjunctive
cause-effect relationship in this study, meaning that each object individually activated or did not acti-
vate the light. The box activated when one effective object and one ineffective object or two effective
objects were placed on the box. It did not activate when two ineffective objects were placed on the box
(Fig. 2). The effects of novel cubes cannot be known when they are placed on the box simultaneously
and the box lights up (i.e., the test phase of the study) because one or both of the cubes could be effec-
tive. In the first part of the learning phase, the experimenter explained that the cubes that activate the
box were called tomas (or baffes) and the cubes that do not activate the box were called not-tomas (or
not-baffes). The experimenter placed an effective cube on the box and labeled the object (e.g., “This is
a toma”). Subsequently, the experimenter placed an ineffective cube on the box and labeled the object
(e.g., “This is not-a-toma”). The same procedure was repeated with two novel cubes: one effective and
one ineffective. In the second part of the learning phase, children were shown the individual effects of
the four cubes again and were presented with pairs of the cubes placed on the box together to show
them the effect of two cubes (see Fig. 3). During the demonstrations of the individual cubes, the exper-
imenter asked children to label the cubes. All children correctly reproduced the novel labels for the
effective and ineffective objects at least one time.
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Fig. 3. Schematic of the order of the individual cubes and cube pairs in the second part of the learning phase. The colors of the
cubes were counterbalanced. Evidence suggests a disjunctive activation rule: Each object individually activates or does not
activate the light. Yellow light bulbs represent that the box is activated. (For interpretation of the reference to color in this figure
legend, the reader is referred to the Web version of this article.)

Test phase, confounded condition

In this phase, children were presented with evidence and were asked about their knowledge of the
effectiveness of a “target cube.” In the first trial, the experimenter put a target cube (e.g., green)
together with another cube (e.g., orange) on the box simultaneously, and the box lit up. The experi-
menter asked children whether they have sufficient information to know the effectiveness of the tar-
get cube: (1) “Do you know whether the [green/red] cube is a toma or not-a-toma?” Because children
might interpret the task as a guessing game, if children initially provided sufficient knowledge, they
were asked whether they really knew or just guessed as a control for their knowledge judgment
(i.e., “know-guess” question). Next, children were asked (2) “Why?” to explain their knowledge judg-
ment. In the second trial, the experimenter put the same two cubes on the box again and asked, (3)
“Do you know whether the [green/red] cube is a toma or not-a-toma, or do you need to know more
about it?” Similar to the first trial, if children said that they knew, they were asked the know-guess
question. Then, they were asked (4) “Why?” to explain their knowledge judgment. Finally, if children
said that they require more information, they were asked, (5) “What should we do to know for sure?”
We used two different question formats in the first and second trials of each condition (“Do you know
whether ...?” or “Do you not know ...?” vs. “Do you need to know more about it?”) in order to avoid
repeating the same question.

Test phase, unconfounded condition

This condition was identical to the confounded condition in terms of the structure and the ques-
tions. The only difference was that two novel cubes were used (e.g., red and yellow), and the exper-
imenter put the target cube (e.g., red) alone on the box in the second trial and the box lit up.
Similar to the confounded condition, children who initially reported sufficient knowledge were asked
the know-guess control question.

Coding

All verbal responses and gestures that pragmatically conveyed critical information (e.g., head nod,
head shake) in response to the interview questions were transcribed.
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Knowledge judgments

Children’s knowledge judgments about the effectiveness of the target object (i.e., responses to
Questions 1 and 3 in Fig. 2) were coded into two primary categories: “sufficient knowledge” and “in-
sufficient knowledge.” Children who initially said that they knew, children who provided an object
category label (e.g., it is a toma/not-a-toma), and children who subsequently answered the know-
guess question by saying that they really knew were classified as providing sufficient knowledge.

Children who said that they did not know, children who required more information, and children
who first said that they knew or provided an object category label but then answered the know-guess
question by saying that they just guessed were classified as providing insufficient knowledge. We
coded these three subcategories of insufficient knowledge to provide more information on the nature
of children’s responses, although the main analyses were based on the two primary categories (i.e.,
sufficient knowledge and insufficient knowledge). There was slight variation in children’s responses
in the first and second trials because of the kind of question asked. In the first trials, children were
asked whether they knew or did not know, and they answered this question by saying that they
did not know (see Question 1 in Fig. 2). These responses were coded as “ignorance judgments.” In
the second trials, children were asked whether they knew or required more information (see Question
3 in Fig. 2), and they answered this question by saying that they required more information. These
responses were coded as “information-seeking judgments.” Moreover, children who first stated that
they knew but later answered the know-guess question by saying that they only guessed were clas-
sified as providing “guessing” judgments because stating that one only guessed is an acknowledgment
of insufficient knowledge. A few children suggested trying the target cube alone (isolation of variables
strategy). Those cases were also classified as insufficient knowledge judgments because they pragmat-
ically convey that information is insufficient by referring to how to gain the required information.

Explanations

We coded children's explanations for their awareness of multiple potential causes in the three con-
founded evidence trials (see Questions 2 and 4 in Fig. 2). Children were classified as providing a “con-
founded evidence explanation” when they mentioned typical characteristics of confounding as a
reason for why they could not know. These were explanations such as saying that they could not know
because there were two objects on the light box (e.g., “Because both the cubes were put on the light
box”) or one of the two objects could be effective (e.g., “I don’t know which of them makes the box
light up”). Children who only emphasized evidence without any distinctive reference to confounding
(e.g., “The box lit up”), who provided alternate hypotheses (e.g., “Because the green one is not as
strong as the pink one”), and who did not provide a proper causal explanation (e.g., repeated knowl-
edge judgments, “Because I just don’t know”) were classified as providing no explanations on con-
founding. Because providing elaborate evidence-based explanations is challenging for younger
children, we set a liberal criterion for children’s competence for explaining confounding in their jus-
tifications by referring to the multiple candidate causes; we examined whether children explained the
confounding at least once out of three confounded trials.

Describing the correct test: Isolation of objects

In the second trial of each condition, children’s answers to the testing question “What do we have
to do to know for sure?” were coded into two main categories (see Question 5 in Fig. 2). Children who
described the correct test of isolating the cubes (e.g., “Have to put that one [target cube] alone”) were
coded as a correct test. All other responses or missing responses were coded as other/no response.

All data were coded by one rater. A second rater coded one third of the data (20 participants). Inter-
rater reliability for all codes was calculated by Cohen’s kappa, and all scores were nearly perfect (>.80)
(Landis & Koch, 1977). The interrater reliabilities ranged from .91 to 1.00 for knowledge judgments
and from .83 to .93 for explanations. The interrater reliability was 1.00 for the description of correct
test responses.

The data that support the findings of this study are available on the Open Science Framework
(https://doi.org/10.17605/0SF.I0/SWB92).
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Results

There were no significant effects of the order of the conditions and the different object labels (i.e.,
toma, baffe) on children’s knowledge judgments, their explanations for confounded evidence, or their
descriptions of the correct test. First, we report the descriptives on children’s knowledge judgments
across all four trials. Second, we report the comparison of children’s knowledge judgments in the sec-
ond trial of each condition. Then, we report the comparison on children’s revision of their knowledge
judgments in the confounded versus unconfounded conditions. Finally, we report the frequency of
children’s explanations and their descriptions of the correct test.

Knowledge judgments

Children were presented with confounded evidence in the first trial of each condition. In the second
trial of the confounded condition, children were presented with confounded evidence, and in the sec-
ond trial of the unconfounded condition, they were presented with unconfounded evidence. Table 1
presents the percentages of children who provided sufficient and insufficient knowledge judgments
and the percentages of subcategories of insufficient knowledge judgments in all four trials.

To assess whether there is a significant difference in children’s knowledge judgments in the case of
confounded and unconfounded evidence, McNemar's test was employed. Children’s knowledge judg-
ments (insufficient vs. sufficient knowledge) in the second trial of each condition (confounded vs.
unconfounded) was the dependent variable. The proportion of insufficient knowledge judgments
was significantly higher in the confounded condition than in the unconfounded condition,
%%(1) = 25.290, two-sided, p < .001. As an exploratory control analysis for age (months of age entered
continuously) and gender, a generalized estimating equations (GEE) model with an independent
working correlation, a logit link function, and binomial distribution (Zeger & Liang, 1986) was
employed. The main effect of condition remained significant (p < .001), and age (p = .401) and gender
(p = .868) were not significant predictors of performance.

Consistency and change of knowledge judgments

To investigate children’s revision of their knowledge judgments in response to changing evidence
patterns, we conducted a McNemar's test to compare the number of children who changed their judg-
ments across the two trials of the unconfounded and confounded conditions. The proportion of chil-
dren who changed their knowledge judgment was significantly higher in the unconfounded condition
than in the confounded condition, ¥*(1) = 11.28, two-sided, p = .001. In the unconfounded condition,
57% of the children (34/60) changed their knowledge judgments. In the confounded condition, 23% of
the children (14/60) changed their knowledge judgments.

Table 1
Percentages of children who provided insufficient knowledge judgments (with subcategories) and sufficient knowledge judgments
in the first and second trials of each condition.

First trials Second trials
Knowledge judgments cc? uc? cc? uch
Insufficient knowledge 60% (36) 58% (35) 53% (32) 5% (3)
Ignorance 37% (22) 37% (22) N/A N/A
Information seeking N/A N/A 43% (26) 2% (1)
Guessing 20% (12) 15% (9) 7% (4) 3% (2)
Isolation of variables 3% (2) 7% (4) 3% (2) 0
Sufficient knowledge 40% (24) 42% (25) 47% (28) 95% (57)

Note. N = 60. Numbers of participants are in parentheses. CC, confounded condition; UC, unconfounded condition.

¢ Confounded evidence trials.

b Unconfounded evidence trials. Ignorance and information-seeking judgments are not available (N/A) in certain cells due to
different questioning in the first and second trials.
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In the confounded condition, the correct evaluation was to report insufficient knowledge in both
trials. Among the children who provided insufficient knowledge judgments in the first trial, 75%
(27/36) also provided insufficient knowledge judgments in the second trial. In the unconfounded con-
dition, the correct choice was to change the knowledge judgment from insufficient knowledge to suf-
ficient knowledge in the two trials. Among the children who provided insufficient knowledge
judgments in the first trial, 94% (33/35) accurately changed their judgments and provided sufficient
knowledge judgments in the second trial. The results of exploratory control analysis (GEE) showed
that the main effect of condition was significant (p < .001), and months of age (p = .703) and gender
(p = .973) were not significant.

Explanations for knowledge judgments in the confounded trials

Of the 60 children, 24 (40%) provided confounded evidence explanations at least once across three
confounded trials. The liberal success criterion for explanations (i.e., correct at least once) was suscep-
tible to order or learning effects over the course of the task. To check this, we compared children’s suc-
cess in the three confounded evidence trials. There was no effect of order across the three confounded
evidence trials for the children who received the confounded condition first and the unconfounded
condition second [n = 31, Friedman test, ¥*(2) = 1.50, p = .472] or for the children who received the
unconfounded condition first and the confounded condition second [n = 29, Friedman test,
%%(2) = 2.66, p = .264]. These results show that learning and order did not play a role in children’s suc-
cess in providing explanations. Exploratory control analysis (logistic regression) revealed a significant
effect of months of age (p = .011) but no significant effect of gender (p = .646). Older children were
better than younger children at providing confounded evidence explanations.

Describing the correct test: Isolation of objects

In the second trial of each condition, children who provided insufficient knowledge judgments
were asked what should be done to know more (2 children were not asked this question due to exper-
imenter error, although they provided insufficient knowledge judgments). In the confounded condi-
tion, of 30 children who provided insufficient knowledge judgments, 23 (77%) of them (38% of the
complete sample) suggested putting the target cube alone on the light box in order to determine
the causal category of the target cube. According to the exploratory control analysis (logistic regres-
sion, n = 30), there was no effect of months of age (p =.173) or gender (p =.191) in terms of describing
the correct test in the confounded condition. In the unconfounded condition, of 3 children who pro-
vided insufficient knowledge judgments, none of them mentioned putting the target cube alone on
the light box.

Discussion

An explicit understanding of evidence as a source of knowledge is foundational for scientific rea-
soning (Kuhn, 2014). The current study investigated 5- and 6-year-olds’ metacognitive awareness of
the informativeness of confounded evidence, a measure of the extent to which they can explicitly rea-
son about the sufficiency of evidence. It is the first study to investigate children’s explicit understand-
ing of their own epistemic states when provided with sufficient or insufficient evidence in a causal
learning paradigm. Previous studies have yielded some indirect evidence on possible metacognitive
awareness in such conditions, but no study has addressed the explicit language-based distinction
between knowledge and ignorance. We investigated the extent to which young children can (a) cor-
rectly judge their own knowledge in the case of confounded and unconfounded evidence, (b) revise
their knowledge judgments in line with changing evidence patterns, and (c) explain confounding evi-
dence and describe the isolation of variables strategy as a means to gain further information.

Our first objective was to examine whether young children can accurately differentiate confounded
evidence from unconfounded evidence and can judge that they do not know and thus require more
information when evidence is confounded. The proportion of children who assessed that they required
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more information was significantly higher in the confounded condition than in the unconfounded con-
dition. Half of the children acknowledged that they did not know or that they required more informa-
tion at least twice in the three confounded trials, thereby demonstrating a differentiation of the
informativeness of confounded and unconfounded evidence.

Metacognitive awareness may differentiate early causal reasoning from scientific reasoning (Kuhn,
2014); however, the difference between the two does not appear to be straightforward. Children’s
metacognitive awareness of confounded evidence and their explicit ability to differentiate confounded
evidence from unconfounded evidence have not been documented previously in an experimental
paradigm (e.g., Cook et al., 2011; Gopnik, 2012; Moeller Bachhuber et al. (2019)). Our data demon-
strate that there is an explicit metacognitive awareness of the informativeness of confounded versus
unconfounded evidence at 5 years of age, and they provide new insight into young children’s under-
standing of evidence as an epistemic category (e.g., Koerber et al., 2005; Ruffman et al., 1993).

Our second objective was to examine whether children revise their own knowledge judgments in
response to changing evidence patterns. The proportion of children who revised their knowledge judg-
ments in the changing evidence pattern (unconfounded condition) was higher than that in the same
evidence pattern (confounded condition). Children’s consistency in their knowledge judgments for the
same object with the same pattern of evidence and their correct revision of their judgments in
response to different evidence patterns demonstrate their flexibility in correctly revising their epis-
temic state attributions with respect to variable patterns of evidence. In the confounded condition,
75% of the children who judged themselves to be ignorant in the first trial also said that they required
more information in the second trial. In contrast, 94% of the children who said that they did not know
in the first trial of the unconfounded condition revised their response in the second trial and said that
they knew. These findings are informative for understanding young children’s metacognition of their
knowledge acquisition and revision processes because they show that children not only can revise
their causal beliefs (Bonawitz, Fischer, & Schulz, 2012; Legare et al., 2016; Schulz et al., 2007;
Schulz & Gopnik, 2004) but also can correctly revise their knowledge judgments (sufficient/insuffi-
cient knowledge or information seeking) about their causal beliefs.

Our third objective was to examine children’s evidence-based explanations for their insufficient
knowledge and information seeking in the case of confounded evidence. Across the three confounded
evidence trials, 40% of the children explained confounding at least once by saying that there were two
objects; hence, they could not know the causal effectiveness of the target object. A few children even
explained the evidence patterns that they observed in the learning phase as a reason (e.g., “Because
when you put a toma and not-a-toma before, it glowed”) or elaborated on the alternative possibilities
regarding the objects’ effects (“Because I don’t know whether one makes the box light up and the
other doesn’t or both make the box light up”). Furthermore, 38% of the children described the correct
test (i.e., the isolation of variables strategy) to gain the required information. This shows that at 5 or
6 years of age, there is already a beginning metacognitive understanding that the co-occurrence of
multiple candidate causes is uninformative to draw causal inferences and that the strategy to find
out the true causal relations is to test the effects of the objects in isolation. These findings suggest
not only that the information-seeking behavior shown in causal learning studies is sensitive to the
utility of evidence but also that children (at least 5- and 6-year-olds) have an explicit understanding
of the evidence characteristics and why the evidence is uninformative. The metacognitive awareness
of the intuitive forms of information seeking might provide children with the opportunities to practice
their early abilities, which in turn supports developing more sophisticated forms of causal inference
and experimentation that are necessary to reason scientifically.

Approximately half of the children in the current study correctly assessed that they did not know
when evidence was confounded. This frequency is lower than the success rates of the children in the
noncausal partial information paradigm, which were approximately 60% and 80% in Experiments 1
and 2 of the study by Rohwer et al. (2012). Relatedly, when we compare children’s information-
seeking behaviors in the case of confounded evidence and noncausal partial information, the fre-
quency of the former is lower than that of the latter. To illustrate, approximately 50% sought informa-
tion in the case of confounded evidence in the study by Cook et al. (2011), whereas approximately 90%
of 4- and 5-year-olds sought information in the noncausal incomplete information task in the study by
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Kloo et al. (2020). Based on these findings, we speculate that reasoning about causally confounded
information might be harder than reasoning about noncausal partial information.

Along this line, the frequencies of children who engaged in exploratory behaviors and of those who
showed an explicit understanding in the case of confounded evidence are similar. In the study by Cook
et al. (2011), half of the 4- and 5-year-olds sought information and performed the isolation of objects
strategy. Similarly, approximately half of the children reported insufficient knowledge in the case of
confounded evidence in the current study. It is possible that the spontaneous tendency to associate
the effect with a causal factor may hinder children both from seeking unconfounded evidence during
exploration and from correctly assessing their knowledge state when evidence is causally confounded.
This may be the reason for the similar frequencies of success rate in the implicit and explicit para-
digms on confounded evidence.

Limitations

The interview format of this study had both advantages and disadvantages, especially regarding
investigating children’s explanations. To measure children’s ability to explain their knowledge judg-
ment, we asked only a general question (“Why?”). The case that 40% of the children explained the con-
founding even in response to such a general question shows that children were straightforward in
referring to the confounded nature of evidence as a justification for their epistemic states. However,
the fact that we did not ask follow-up questions when children provided unclear explanations might
have led to an underestimation of children’s abilities. This applies especially to the cases where chil-
dren provided explanations by repeating their epistemic state (e.g., “Because [ don’t know exactly”). In
such cases, asking children follow-up questions might have revealed more information regarding their
competence for understanding confounded evidence.

The revision of knowledge judgments can happen in two directions. The current study focused on
one of these directions: After children had insufficient knowledge (confounded evidence), they
received unconfounded evidence, and we investigated whether they could correctly revise their
knowledge judgments from having insufficient knowledge to having sufficient knowledge. In daily life,
it is often the case that people initially think that they have sufficient evidence to know something.
Only after receiving some new evidence do they realize that in fact they have insufficient knowledge.
To have a complete picture of young children’s revision of their knowledge judgments, it is necessary
to investigate whether children can also flexibly revise their knowledge judgments in the direction
from sufficient knowledge to insufficient knowledge.

Future directions

Both the current study and the isolation of variables task by Cook et al. (2011) yielded evidence on
considerable individual differences in preschoolers’ causal and scientific reasoning. To date, very little
research has addressed these individual differences. General cognitive abilities (i.e., executive function
and language) were found to be related to young children’s causal reasoning (Bauer & Booth, 2019),
scientific reasoning (van der Graaf, Segers, & Verhoeven, 2016, 2018), and how much children benefit
from interventions targeting scientific reasoning (van Schijndel, Jansen, and Raijmakers, 2018). More-
over, children differ in their attentiveness to causal information (Alvarez & Booth, 2016) and in the
types of causal explanations they provide for inconsistent evidence, which in turn informs their
exploratory behavior (Legare, 2012). Further studies are necessary to investigate the role of individual
differences in the development of understanding confounded evidence. With respect to the develop-
ment of explicit metacognitive understanding, it is particularly important to address the developmen-
tal relations among causal learning, scientific reasoning, and mental state understanding (theory of
mind and metacognition) in young children.

The current findings of 5- and 6-year-olds’ metacognitive awareness of the utility of confounded evi-
dence and information seeking raises the question of the development of these abilities in older children.
The problems that children come across in science are complex, often require manipulation of multiple
variables, and require reasoning in contexts where children already have some prior beliefs (Carey et al.,
1989; Klahr et al., 1993; Kuhn et al, 2000; Kuhn & Pease, 2008; Schauble, 1996). Our findings show that
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young children have metacognitive awareness of the informativeness of confounded evidence in simple
evidence patterns; however, they do not show to what degree children can apply their early metacog-
nitive abilities to problems that require a more sophisticated understanding of informativeness of evi-
dence and causal inference. Moreover, the current study dealt with a subcomponent of metacognition,
namely metacognitive awareness of one’s own knowledge and ignorance. A complete understanding of
the development of metacognition in relation to causal and scientific reasoning abilities requires an
exhaustive investigation of young children’s developing metacognitive understanding of origins of
knowledge, hypothesis-evidence coordination, and inference as a source of knowledge (Callanan
et al., 2019). Future studies should examine the developmental progression from early forms of aware-
ness as shownin the current study to the more advanced forms of monitoring and controlling of the epis-
temic activities (e.g., experimentation, evidence evaluation).

Our intention was to investigate whether there is metacognitive awareness of the uninformative-
ness of confounded evidence during the early childhood years at all; thus, we focused our investiga-
tion on 5- and 6-year-olds who are generally better at providing verbal elaborations. The control age
analyses suggest that there were no differences between 5-year-olds and 6-year-olds in terms of
assessing whether they knew or required more information in the two conditions. However, older
children were better than younger children at elaborating on the confounding as a reason for their
lacking knowledge. Future research should examine whether this difference points to a developmental
change in children’s reasoning about confounded evidence or whether it is due to improved language
skills. Another open question is the developmental progression of reasoning about confounded evi-
dence in elementary school children given that the current study showed that there is ample room
for improvement. Future studies are required to investigate at what age children show ceiling perfor-
mance in reasoning about confounded evidence in similar task complexities. Finally, we should note
that the participants of the current study were from WEIRD (Western, educated, industrialized, rich,
and democratic) populations (Heinrich, Heine, & Norenzayan, 2010). All our participants were enrolled
in early education programs where there are learning opportunities for developing early science skills.
Further studies are required to examine whether the findings of the current study can be generalizable
to diverse cultural groups.

Conclusion

Growing evidence demonstrates rapid early development of capacities for scientific reasoning, yet
young children are often considered to lack a metacognitive awareness of these capacities. The current
study demonstrates that there is a metacognitive awareness of insufficient knowledge in the case of
confounded evidence during early childhood. This demonstrates that young children not only have
an implicit sensitivity to confounding evidence but also have an explicit understanding of the infor-
mativeness of confounded versus unconfounded evidence. These data demonstrate that the develop-
ment of scientific reasoning and that of causal learning have substantial common ground. We hope
that the current work will be a step in bringing together the two research lines to reach a more com-
prehensive understanding of young children’s early abilities to learn from evidence. We argue that
examining the development of metacognition can provide a unique insight into how advanced scien-
tific reasoning develops (or fails to develop) and inform the design of formal and informal learning
environments.
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