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CALIBRATION IN CAUSAL LEARNING

Highlights
e We tested the ability to calibrate verbal testimony with observable causal data.
e SI: 5-year-olds learned better from a certain claim about deterministic data.
e S2: 5-year-olds learned better from an uncertain claim about probabilistic data.
e Greater learning in S2 only emerged when the uncertain claim was accurate.

e The capacity to learn efficiently from distinct sources emerges by age 5.
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Abstract
Across two studies (N = 120), we explored the development of children’s ability to calibrate the
certainty of informant testimony with observable data that varied in the degree of predictive
causal accuracy. In Study 1, four- and 5-year-olds heard a certain or uncertain explanation about
deterministic causal relations. Five-year-olds learned better when the informant provided a
certain, more calibrated explanation. In Study 2, children heard similar explanations about
probabilistic relations, making the uncertain informant more calibrated. In an advance on
previous calibration research, 5-year-olds learned better from an uncertain informant, but only
when the explanation was attuned to the stochasticity of the data. These findings imply that the
capacity to integrate, and learn efficiently from, distinct sources of knowledge emerges in the

preschool years.
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Children’s developing capacity to calibrate the verbal testimony of others with observed
evidence when learning causal relations

To acquire everyday knowledge about the world, children must discover the underlying
causal structure amongst events. Over the last twenty years, there has been renewed interest in
causal learning and discovery (e.g., Gopnik & Wellman, 2012). A fundamental question is how
children acquire such knowledge. Much of the research in this field has focused on describing
the ways in which children recover causal structure from observation and interaction with the
world (e.g., Bonawitz, van Schijndel, Friel, & Schulz, 2012; Griffiths, Sobel, Tenenbaum, &
Gopnik, 2011). This research has indicated that the ability to learn about underlying causal
relations about observed events and to apply that knowledge to reason about the world emerges
early in development (e.g., Gopnik & Sobel, 2000; Kushnir & Gopnik, 2005).

During the same timeframe, there has been a large literature documenting children’s
social learning — the ways in which children acquire knowledge from their interactions with other
people. Verbal testimony, defined as the communication of a credible claim (Harris & Koenig,
2006), is an important vehicle for the acquisition of abstract concepts across core domains of
knowledge (Callanan & Oakes, 1992; Gelman, 2009; Harris, Pasquini, Duke, Asscher, & Pons,
2006). For example, conversations with more expert others can act as epistemic tools for
children’s exploration, knowledge construction, and long-term learning outcomes in the domain
of science (Rowe, 2012; Kurkul & Corriveau, 2017; Tenenbaum, Snow, Roach & Kurland,
2005). In the current study, we explore the role of verbal testimony of others, as well as observed
evidence, on children’s ability to make inferences about the causal efficacy of objects.

Although causal learning is possible from first-hand observation alone, the acquisition of

causal knowledge must be facilitated by collaborative exchanges with others in order for children
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to appreciate the multifaceted structures in their physical and cultural environments (Legare,
Sobel & Callanan, 2017). For example, young children actively seek out causal explanations
from their parents (Callanan & Oakes, 1992; Frazier, Gelman, & Wellman, 2009). Moreover,
variation in the features of adult-child interactions is related to children’s interpretation of
observed data (Fender & Crowley, 2007; Luce, Callanan, & Smilovic, 2013), their assessment of
causal interventions (Kushnir, Wellman, & Gelman, 2008) and the scope of their subsequent
exploration (Bonawitz et al., 2011). This has led some researchers to argue that children use the
same learning mechanisms to make both causal inferences and inferences about others’ epistemic
competence (Sobel & Kushnir, 2013). An open question is how well children can integrate the
way others generate verbal testimony with the causal information that is observed in real time
Indeed, previous research on testimony suggests that children are not always passive
recipients of the claims of other people, but regularly gauge the epistemic competence of
informants to determine their reliability as an information source (Corriveau, Meints, & Harris,
2009; Einav & Robinson, 2011). By the age of 4, children are sensitive to a variety of epistemic
characteristics of a potential learning partner, and are able to track an informant’s past reliability,
accuracy and confidence when learning about novel words and object labels (see Harris, Koenig,
Corriveau & Jaswal, 2018; Mills, 2013 for reviews). For example, Sabbagh & Baldwin (2001)
found that 4-year-olds were more likely to encode novel word-referents from a speaker who
conveyed they were knowledgeable about an object’s label, as compared to a speaker who
conveyed cues that they were ignorant. Children can integrate such social information with their
own observations to make novel inferences. In a recent study, Birch, Severson, and Baimel
(2020) showed that 5-year-olds prefer to learn from a certain informant who had access to

knowledge about the contents of a box over a certain informant who never had access to the
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box’s contents (and whose verbal confidence was thus not justified). Similarly, children’s false
belief capacity predicts whether they appreciate that a claim someone makes about a causal
relation can be false as opposed to simply believing that claim in light of data to the contrary
(Sobel, 2015; Sobel et al., 2009).

Such inferences go beyond simple causal conclusions to the ways in which children
integrate information they observe with information they hear from others. Young, Alibali and
Kalish (2012) showed that 5- to 10-year-old children’s ability to revise their hypothesis about
ambiguous data is sometimes influenced by the testimony they hear from another peer. In this
study, children revised their belief most often when the peer disagreed with their hypothesis
initially and then generated neutral or disconfirming evidence (see also Kimura & Gopnik, 2019;
Macris & Sobel, 2017). Similarly, Bridgers, Buchsbaum, Seiver, Griffiths, and Gopnik (2015)
examined how 4- and 5-year-olds reasoned about an informant who provided them with
information that was inconsistent with the causal evidence (the informant endorsed that one
object was more likely to activate a machine, while the evidence suggested that another object
was more likely to do so). Children were more likely to use an informant’s testimony to guide
their causal inference when the informant communicated that they were knowledgeable, as
opposed to naive, about their initial claim. Taken together, these findings suggest that young
children are able to evaluate the epistemic value of informant explanations and are sensitive to
cases where others generate alternate interpretations to their own observations.

None of these cases, however, consider when it is appropriate for an informant to be
uncertain — in particular, registering that the hesitance of verbal testimony might indicate it is not
true. Integrating the certainty with which verbal testimony is generated with the truth value of the

utterance involves calibrating the strength of the verbal testimony with observed data. It is
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possible that children fail to understand such calibration. For example, Birch et al. (2020) found
that even the oldest children in their sample (i.e., 8-year-olds) did not favor either of the two
hesitant informants who differed in their visual access of the contents of a box. It is also possible
that young children do not treat an appropriately calibrated hesitant information as more reliable
than information generated more confidently. Tenney, Small, Kondrad, Jaswal, & Spellman
(2011) found that 5- and 6-year-olds tended to trust a witness who provided a certain claim about
event details that were both accurate and inaccurate (i.e., an informant who was certain, but their
explanation was somewhat incorrect), compared to a calibrated individual who adjusted her
verbal certainty based on the quality of the evidence (e.g., the informant had the same accuracy,
but was more hesitant in her claims). This tendency was the same for adults who were under
cognitive load.

But more generally, others’ epistemic competence and the social cues they use to
communicate that competence are not treated equally when children infer the reliability of verbal
information. Brosseau-Liard, Cassels, & Birch (2014) found that 5-year-olds were less likely to
trust confident, inaccurate speakers compared to hesitant, accurate ones. Epistemic competence
similarly trumps social cues across a variety of domains (e.g., Corriveau, Kinzler & Harris, 2013;
Jaswal & Neely, 2006; VVanderbourght & Jaswal, 2011, see Sobel & Finiasz, in press, for a recent
metaanalysis).

One central issue that has not been addressed to date in research on children’s calibration
capacities is that the calibration of uncertainty can be conceptualized in two different ways. One
might calibrate the stochasticity of events in the aggregate (i.e., if | toss a fair coin repeatedly,
and guess the outcome each time, sometimes | will be right). Thus, verbal uncertainty represents

the general probabilistic nature of being correct. Another way is to calibrate the stochasticity of
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the event itself (i.e., if | toss a fair coin repeatedly, sometimes it will land on heads). The Birch et
al (2020) and Tenney et al. (2011) examples, as well as other investigations of children’s
appreciation of the probabilistic accuracy of informants (Pasquini et al., 2007), only considers
the first case and not the second. Investigations of causal inference, however, (Buchanan &
Sobel, 2011; Bullock, Gelman & Baillargeon, 1982) suggest that children only begin to
appreciate the that events themselves can be stochastic around age 5. This suggests that between
the ages of 4 and 5, children might begin to appreciate verbal testimony calibrated to individual
events, even if they cannot appreciate that calibration about aggregate events.

In this paper, we explored children’s developing ability to attune the confidence with
which informants generate verbal testimony (i.e., the degree of verbal certainty) with the
stochastic nature of the observed data described by that testimony (i.e., the likelihood of a
particular outcome). We reasoned that because well-calibrated explanations place appropriate
emphasis on the causal evidence at hand — for example, being confident about the likelihood that
deterministic evidence will predict an outcome — children should show greater learning of novel
causal relations after hearing an explanation calibrated to the observed data.

To do this, in Study 1, we manipulated the certainty with which an informant delivered
testimony about deterministic causal outcomes — that is, informants generated certain or
uncertain testimony describing the efficacy of cues that were 100% and 0% effective. We
hypothesized that children would exhibit greater learning in the calibrated condition; when asked
whether the 100% cue was more effective or the 0% cue was less effective than other,
probabilistic cues, children would be more accurate when they heard calibrated testimony.

In Study 2, we replicated our certainty manipulation, but more directly tested the

distinction between reasoning about cues in the aggregate as opposed to individual efficacy. In
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Study 2, children heard certain or uncertain testimony about the efficacy of probabilistic cues.
Critically, two different kinds of uncertain testimony were provided. Some children heard
uncertain testimony about the cues in the aggregate, similar to the Tenney et al. (2011) and Birch
(2020)’s work; other children heard uncertain testimony about individual stochastic nature of the
cues. We predicted that, similar to previous calibration studies, young children might not
appreciate the epistemic value of uncertainty in the aggregate calibration condition. Yet, by
highlighting the probabilistic nature of the data, children might understand uncertainty as it
relates to the individual cues (see Study 2 for further details on the design).

In addition, across the two studies, we considered whether children’s ability to calibrate
the testimony to the related evidence when making causal inferences would vary across age, as
suggested by the acquisition of such capacities in the findings discussed above.

Study 1
Method
Participants

Forty-eight 4- and 5-year-olds (24 girls, mean age = 59 months, age range = 48 — 71
months) participated in Study 1. The sample size was determined by power analysis, assuming a
large effect size (Cohen's ® = .5; see Bridgers et al., 2015; Walker et al., 2017) and a = .05,
based on an y?-test with df = 1. The results of this analysis suggested 26 children per condition.
We opted to stop data collection once the counterbalancing requirements were reached, resulting
in n = 24 participants in each condition.

Children were recruited from a local school and a children’s museum in the Northeast
region of the United States from March — December 2018. Children were randomly allocated to

one of the two informant conditions. An equal number of 4- and 5-year-olds participated in each
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condition. One child was excluded in the final analyses because they did not pass the three
memory check questions (see below).
Materials

Machine. The machine used in the learning phase was similar to those used in “blicket
detector” paradigms from previous research on young children’s causal reasoning abilities
(Gopnik & Sobel, 2000). The machine employed in the current research was a 20.32cm x
15.24cm x 7.62 cm black plastic box with a lucite plastic top. The box contained blue LED lights
and a small electronic music player, both of which could be remotely operated. One of the
experimenters used a small remote, hidden out of view of the participant, to make the box light
up and play music for trials in which a block activated the machine. This activation would last
until the child retrieved the block from the top of the machine.

Learning phase stimuli. The block stimuli used in the learning and the test phase were
based on that of Walker et al. (2017). We constructed six blocks (50.80mm wooden cubes) for
the learning trials. Each block had a plastic rectangular 31.8mm x 10.4mm x 8mm Lego piece
affixed to the top and another to the front of it. The top Lego piece was a different color to the
front Lego piece (see illustration of learning phase blocks in Figure 1, panel A).

Children viewed three causal trials (i.e., block activated the machine) and three inactive
trials (i.e., block did not activate the machine). One of the two Lego pieces on each block always
represented a deterministic cue for activation (i.e., 100% or 0%). The other piece represented a
probabilistic activation cue (i.e., 66% or 33%). For example, in Figure 1 (panel A), blocks with a
black piece always activated the machine (the three blocks have black pieces and all activate the
machine). Thus, this piece was the 100% cue. By contrast, blocks with the yellow piece never

activated the machine. This piece was the 0% cue. Blocks with the red piece activated the
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machine 2 out of 3 times and blocks with the white piece activated the machine 1 out of 3 times.
These were the 66% and 33% cues respectively. We refer to the 100% and 0% cues as the
deterministic cues and the 66% and 33% cues as the probabilistic cues. The colors of the Lego
parts associated with the deterministic and probabilistic properties were counterbalanced across
participants, however for the purpose of describing the procedure below, black, yellow, red, and
white indicate the 100%, 0%, 66%, and 33% cues respectively.

Small cards (18.6cm x 7cm) were placed at either side of the machine at the beginning of
the learning trials to aid children’s categorization of each block as causal or inactive. The causal
card depicted an image of the machine lit up with a “thumbs up”. The inactive card had an image
of an inert machine with a “thumbs down” (see Figure 1, Panel A).

Test phase stimuli. Four additional wooden cube stimuli (same size and color as the
blocks used in the learning phase) were used for the test phase. These blocks only had a single
Lego piece attached to it. Each block had a different colored piece (i.e., black, yellow, red,
white). These blocks were inserted, two at a time, into a box apparatus, which we will call the
hiding box (see Figure 1, panel B). The hiding box was constructed based on the one used in
Walker et al. (2017). The box was a black 22.2cm x 10.15cm x 5.1cm cardboard box had four
rectangular cut-outs, two at the top and two at the front. The cut-out windows were covered by
dark blue colored felt flaps. For each test trial, the experimenter would reveal the single piece on
each block, either by lifting the top or front flaps. One of the flaps for each block remained
closed during the trials. This was done to ensure that children were only making judgements
between two specific cues at a given time but that they believed they were comparing two of the

blocks (with two Legos) that they viewed in the learning phase. The second Lego piece on the
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observed learning block therefore appeared hidden by one of the closed flaps in the test trials.
The orientation of the two test cues in the top and/or front positions was randomized.
Procedure

Learning phase. The experimenter brought children into a quiet room at their school or
off of the museum floor. Children at the museum were tested with their parent/guardian present.
Children tested at their school were tested with only the researchers. The experimenter sat across
from the child at a table. A second experimenter — hitherto referred to as the informant — was
seated next to the participant. The experimenter first asked the child a series of questions about
themselves for familiarization and warm-up. Then, she introduced children to the machine by
saying, “I have this machine here, and it lights up and plays music”.

The experimenter placed a box filled with the learning block stimuli on the table and said,
“I also have some toys. Some of these toys will make the machine go and some of them will
not”. She then invited the informant to provide testimony about the deterministic cues. In the
Certain condition, the informant said, “I know! The Black ones [100% cue] make the machine
go and the Yellow ones [0% cue] do not. I’'m really sure.” In the Uncertain condition, the
informant said, “Um, I don’t know. Maybe the Black ones [100% cue] make the machine go and
maybe the Yellow ones [0% cue] do not. I’'m not really sure.” Following the delivery of this
information, the experimenter said, “Alright! Now let’s try putting one of them on the machine”
and proceeded to administer the learning trials.

The experimenter then placed the six learning blocks on the machine one at a time and
children observed whether each block activated the machine. Children always observed one
efficacious block and one inactive block first (order counterbalanced). The first efficacious block

was placed with the card that indicated activation; the first inactive block was placed with the
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card that indicated it failed to activate the machine. After the remaining four blocks were placed
on the machine, the experimenter asked the children to help her to categorize the block as either
one that “makes the machine go” or one that “does not make the machine go”. The child then
observed and categorized the other four blocks. The remaining four learning trials were
presented in a random order.

After these six trials, the experimenter again asked the informant to provide her testimony
about the blocks. The informant repeated the information she had provided before the beginning
of the learning phase. Note that children were able to view all of the evidence while they heard
the explanation — the three causal blocks were grouped to one side of the machine and the three
inactive blocks were grouped to the other side of the machine. After delivering the second round
of testimony, the informant left the room and was not present for the test phase.

Memory checks. After the informant’s departure, the experimenter removed the machine,
learning blocks, and category cards from the table. She then administered the three memory check
questions. She first asked, “Do you remember which one she [the informant] said would make the
machine go?” Following children’s response, E asked, “Do you remember which one she said
would not make the machine go?” Finally, E asked about the child’s perceived certainty of the
testimony (i.e., “Do you remember, was she really sure or not really sure?”’). The experimenter did
not provide corrective feedback to the responses. If children failed to provide the correct response
for all three memory check questions, they were excluded from the analyses (n = 1).

Test phase. After the memory check questions, the experimenter placed the hiding box
on the table. She explained, “This is a hiding box! | can put the blocks in here, and lift up these

flaps and show you a part of the block. I am going to do that now and ask you about the parts



CALIBRATION IN CAUSAL LEARNING 14

you can see, okay?”. When placing the two test blocks in the box for each trial, she would use a
manila folder to obscure the child’s view of the process.

Children were presented with six test trials in a random order. For every trial, the
experimenter showed children a pair of cues on different blocks and asked them to indicate
which block was more likely to activate the machine (e.g., when shown that one block has a
black cue and the other block has a yellow cue, children were asked “Do you think the black one
or the yellow one make the machine go?”). Children were asked to infer the more causally
predictive cue from a combination of every cue they had observed in the learning phase (i.e.,
100% or 0%, 100% or 66%, 100% or 33%, 66% or 0%, 33% or 0%, 66% or 33%). Five out of
the six test trials involved at least one cue that was specified in the informant’s testimony (i.c.,
the deterministic 100% or 0% cue). Responses to these trials were the main focus of the

analyses?.

! One trial involved the comparison of two cues that were not part of the informant’s testimony (i.e., the comparison
between the 66% and 33% probabilistic cues). We realize that, based on our current predictions, it would be difficult
to draw any meaningful inferences regarding performance on this trial across conditions and thus decided to exclude
it from the following analyses.
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N\

Figure 1. The block stimuli and memory cards used for children’s categorization of the learning
trials (panel A) and the hiding box apparatus used in the test phase (panel B).
Results and Discussion
Preliminary Analyses
The number of children who correctly recalled the color of the deterministic cues
identified by the informant (approximately 89% of responses) and the certainty of the informant
(73% of responses) during the memory check phase is reported in Appendix A (see Table S1 for
the breakdown by condition and question type). One child did not provide correct responses for
any of the three memory check questions and was excluded for the remainder of the analyses.
For each test trial, children were given a score of 1 if they chose the block with the cue

that indicated a higher likelihood of activation, otherwise they were given a score of 0. Using
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mixed-effects logistic regression models, the preliminary analyses revealed that there was no
effect of the counterbalancing variables (order of first learning block, color associated with the
predictive cue; all p’s > .10), participant variables (gender, testing site; both p’s > .87) nor trial
type (all p’s > .23) on children’s causal judgements in the test phase. We did not consider these
variables further.
Main Analyses

We conducted a stepwise mixed-effects binomial logistic regression model using the
glmer function of the Ime4 package in R statistical software (version 3.4.2) to explore the effect
of Informant Condition (categorical predictor: Certain vs. Uncertain) and Age (categorical
predictor: 4-year-old vs. 5-year-old) on whether children chose the more predictive cue on each
test phase question?. The models included Informant Condition and Age as fixed effects and
participant ID as a random effect to account for variability of individual responses across the test
trials. We entered Informant Condition in a first step, Age in a second step, and, in a third model,
we added the interaction between Informant and Age. All of the data files are openly available at

https://osf.io/ragh3/?view only=6b2c171ed8924d828beae3da67724732

The final model revealed a significant main effect of Age, p =2.21, SE=0.83,z=2.04,p

.008, and significant Informant Condition x Age interaction,  =-2.86, SE =1.09,z =-2.62, p

.009. To investigate the interaction further, we ran two separate mixed-effects logistic
regression models within each age group. The results showed a significant main effect of
Informant Condition among the 5-year-olds, p =-2.83, SE =0.99, z = -2.42, p =.016, OR = .09,
95% CI =[.01, .64], indicating that children were more likely to identify the correct causal cues

in the Certain condition compared to the Uncertain condition (see Figure 2). There was no effect

2 All of the reported interaction effects hold when age is entered as a continuous predictor in the main models.
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of Informant Condition on 4-year-olds’ responses, = 0.60, SE = 0.62, z=0.98, p =.33. The
ability to appropriately integrate the verbal testimony of others and evidence cues when learning

about deterministic data was evident among the older children.

Study 1: Deterministic
100%
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Q
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’ 4-year-old 5-year-old

Age

Figure 2. The proportion of test trials that children chose the more causally predictive cue as a
function of informant condition and age.
Study 2

Study 1 demonstrated that 5-year-olds in the calibrated condition (i.e., the Certain
condition) showed high rates of choosing the more causally predictive cue in the test trials
compared to similarly aged children who heard an uncertain explanation. The younger children
did not show sensitivity to the relative match between the verbal certainty cues and the accuracy
of the data. This finding compliments previous studies exploring how young children use
confidence cues to guide their learning (e.g., Sabbagh & Baldwin, 2001) and extends this work
by showing that hearing others state information that is consistent with observed data confidently

fostered judgments among 5-year-olds about the likelihood that causal features are efficacious.
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In Study 1, the 5-year-olds were sensitive to the confidence of the speaker in a positive
direction presumably because the verbal testimony accurately described the observed data. An
important open question is whether children in this age range were also sensitive to speakers’
confidence when an informant generates verbal information that is not about deterministic causes
but rather are probabilistic, or are indicative of outcomes that do not always occur. Here,
uncertain verbal testimony might support children’s causal learning because it is calibrated to
unreliability of the associated causal cues in the observed data. Generating certain testimony
about a probabilistic cue is inaccurate in light of the fact that there is another, deterministic
causal cue; if children are capable of calibrating the hesitance of the testimony to these data, they
should learn better when such testimony is hesitant as opposed to certain.

In Study 2, children were presented with the same causal learning paradigm outlined in
Study 1. However, we manipulated the certainty with which the informant delivered an
explanation about the two probabilistic data cues - children either heard a certain or uncertain
explanation about the 66% and 33% cues. To provide a more robust test of children’s ability to
calibrate the uncertainty of the verbal testimony in this context, we had two uncertain conditions.
In one of these conditions, the uncertain informant (like in the certain informant condition)
provided testimony about the data in the aggregate (e.g., “Maybe the Red one [66%] makes the
machine go™). In the other uncertain condition, the uncertain informant acknowledged the
stochastic nature of the data (e.g., “Maybe the Red one sometimes make the machine go”).

We expected that children would demonstrate greater learning of the causal cues after
hearing an uncertain, as compared to a certain, explanation in this study because hesitant
testimony places appropriate emphasis on the probabilistic causal evidence. We anticipated that

children might be particularly sensitive to the calibrated testimony when the uncertain informant
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provided an accurate description of the probabilistic outcomes (i.e., the Uncertain + Sometimes
condition), as previous findings have suggested that calibration of uncertain information in the
aggregate might be difficult for 5-year-olds.
Method
Participants

Seventy-two 4- and 5-year-olds (31 girls, mean age = 60 months, age range = 48 — 72
months) were recruited to participate in Study 2. Children in the Certain and Uncertain
conditions were recruited from the same Study 1 locations between March - December 2018.
The children in the Uncertain + Sometimes condition were recruited at a later time point from
the same two locations between June — August 2019. There was an equal number of 4- and 5-
year-olds in each condition. Four children were excluded in the final analyses because they did
not pass the memory check phase (see below).
Materials and Procedure

The materials used were identical to that of Study 1. The learning and test phases were
also similar to Study 1. In the learning phase, the one difference was the content of the
informant’s testimony that children heard before and after observing the experimenter place the
six learning blocks on the machine. In the Certain condition, the informant said: “I know! The
Red ones [66% cue] make the machine go and the White ones [33% cue] do not. I’'m really
sure.” In the Uncertain condition, the informant said: “Um, I don’t know. Maybe the Red ones
[66% cue] make the machine go and maybe the White ones [33% cue] do not. I’m not really
sure”. In the Uncertain + Sometimes condition, the informant said: “Um, I don’t know. Maybe
the Red ones [66% cue] sometimes make the machine go and maybe the White ones [33% cue]

sometimes do not. I’'m not really sure”.
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In both conditions, children were then asked to infer the more causally predictive cue
from a combination of every cue they had observed during the learning trials (i.e., 66% or 33%,
100% or 66%, 100% or 33%, 66% or 0%, 33% or 0%, 100% or 0%?2). Note that, in two of these
trials, there is a conflict between the correct answer based on the observed data and the cue that
is mentioned in the testimony (conflict trials: 100% or 66%, 33% or 0%). For example, in order
to choose the more predictive cue, children would need to discount the testimony that the 66%
cue is efficacious and favor the deterministic 100% cue in their judgments.

Results and Discussion
Preliminary Analyses

The number of children who correctly recalled the color of the probabilistic cues
(approximately 78% of responses) and the certainty of the informant (64% of responses) during
the memory check phase are reported in Appendix A (see Table S2 for the breakdown by
condition and question type). Four children did not provide correct responses for any of the three
memory check questions and were excluded for the remainder of the analyses.

Responses to the test questions were scored in the same manner as Study 1. Mixed-
effects regression models revealed that there was no effect of the counterbalancing variables
(order of first learning block, color associated with the predictive cue; all p-values> .19), nor
participant variables (gender, testing site; both p’s > .74) on correct responses to the test trials in
Study 2. There was a main effect of trial type: overall, children were more likely to choose the
more accurate causal cue on the trials that were generally consistent with the testimony provided

by the informant (66% or 33%, 100% or 33%, 66% or 0%) compared to the two trials that could

3 As in Study 1, one of the test trials involved children’s inference of two cues that were not identified in the verbal
testimony (i.e., the comparison between the 100% and 0% deterministic cues). We decided to drop this trial and only
focus on the five trials that related to the testimony, and thus to our research hypothesis, in the main analyses.
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pose a potential conflict between the testimony and observed evidence (100% or 66% and 33%
or 0%; all p-values <.003). We retained this variable in the following models to control for this
significant main effect, see below.

Main Analyses

We conducted a stepwise mixed-effects binomial logistic regression model using the
glmer function of the Ime4 package in R statistical software (version 3.4.2) to examine the effect
of Informant Condition (Certain, Uncertain, Uncertain + Sometimes) and Age in months (4-year-
old vs. 5-year-old) on whether children inferred the more predictive cue in the test trials. The
models included Informant Condition and Age as fixed effects and participant ID as a random
effect to account for variability of individual responses in the test phase. Because we expected
the children’s performance to differ in the two Uncertain conditions in comparison to the Certain
condition, we first defined the Certain condition as the reference level.

The results yielded a significant Informant Condition x Age interaction, = 1.68, SE =
0.67,z=2.52, p =.012, which was only indicated for the comparison between the Certain and
Uncertain + Sometimes condition. To check the comparison between the two Uncertain
conditions, we then defined the Uncertain + Sometimes condition as the reference level in the
model. The results showed a significant main effect of Age, p = 1.50, SE =0.49,z=23.10, p
=.002, and a significant Informant Condition x Age interaction, § =-1.51, SE = 0.66, z =-2.28, p
=.022, for the comparison between the Uncertain and Uncertain + Sometimes condition. Thus,
the effect of Age differed in the Uncertain + Sometimes condition compared to both the Certain
and Uncertain conditions. There was no such difference between the Certain and Uncertain

conditions.



CALIBRATION IN CAUSAL LEARNING 22

To examine this interaction further, we conducted separate mixed-effects logistic
regression models within each age group. There was a significant effect of Informant Condition
among the 5-year-olds: children in the Uncertain + Sometimes condition were more likely to
choose the more accurate causal cue in comparison to the 5-year-olds in the Certain condition, 3
=-1.06, SE = 0.49, z =-2.18, p =.029, OR = .35, 95% CI =[.13, .90], and Uncertain condition, 3
=-1.07, SE=0.48,z=-2.24, p =.025, OR = .34, 95% CI =[.14, .84] (see Figure 3).

Recall that children were invited to make decisions about some trials that were consistent
with the informant’s testimony (66% or 33%, 100% or 33%, 66% or 0%) and two trials where
the more accurate causal cue could potentially be in conflict with the testimony (100% or 66%
and 33% or 0%). The results of the model suggested that, 5-year-olds were generally less likely
to choose the causally correct cue on the two conflict trials in comparison to each of the three
other trials (all p’s <.004).

By contrast, there was no effect of Informant Condition among the younger children (see
Figure 3). There was a significant effect of trial type in this age group however: 4-year-olds were
also less likely to infer the casually correct cue in the conflict trials in comparison to the three

consistent trials (all p’s <.0274).

4 The comparison between the 66% or 0% trial (consistent trial) and the 100% or 66% trial (conflict trial) was not
significant among this age group (p = .21).
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Figure 3. The proportion of test trials that children chose the more causally predictive cue as a
function of informant condition and age.

Consistent vs conflict trials. The results suggest that 4- and 5-year-old children tended to
use the testimony to guide their judgements over their own observations of the causal evidence
when both sources of knowledge were in conflict. Yet, the older children showed greater
learning in the Uncertain + Sometimes condition in comparison to the two other conditions
(whereas the younger children exhibited similar levels of learning across the three informant
conditions). To further explore the observed boost in older children’s learning in this condition,
we ran separate analyses on the consistent and conflict trials among this age group. For 5-year-
olds’ performance on the consistent trials (66% or 33%, 100% or 33%, 66% or 0%), there were
no significant comparisons between the Uncertain + Sometimes and the two other conditions
(both p’s > .30). In contrast, 5-year-olds were significantly more likely to choose the causally
correct cue in the conflict trials in the Uncertain + Sometimes compared to the Uncertain
condition, B =-1.41, SE=0.51,z =-2.79, p =.005, OR = .25, 95% CI = [.09, .66], and Certain

condition, B = -1.14, SE = 0.51, z = -2.23, p =.026, OR = .32, 95% CI = [.12, .87].
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The ability to integrate and to learn to appropriately discount informant testimony about
probabilistic cues was evident among 5-year-olds. Importantly, the boost in children’s learning
emerged when the informant’s claim most accurately represented the probabilistic causal
information (i.e., when the informant was uncertain, but accurate about the stochastic nature of
the data — “Maybe it sometimes makes the machine go”) as opposed to information about the cue
in the aggregate.

General Discussion

The results of the two studies suggest that children’s capacity to calibrate informant
testimony with first-hand observations when learning about novel causal relations emerges
during the preschool years. Five-year-olds, but not 4-year-olds, demonstrated the ability to
appropriately attune the verbal certainty of an explanation to the predictive accuracy of causal
data. In Study 1, 5-year-olds showed high rates of learning when they heard a certain explanation
about deterministic outcomes, as compared to an uncertain explanation. In Study 2, we observed
a similar developmental trend; five-year-old children learned more effectively about the nature of
the probabilistic cues after hearing an uncertain explanation. Importantly, the higher rates of
learning relied on the calibrated informant not only conveying verbal cues to uncertainty about
the outcomes, but also providing an accurate explanation about probabilistic events (or outcomes
that sometimes occur). By contrast, children tended to erroneously side with unreliable testimony
on the conflict trials when the informant was certain or uncertain about the aggregate of the
probabilistic outcome. In other words, children who heard an explanation about the stochastic
nature of the individual probabilistic cues were more likely to appropriately discount those cues
in favor of more causally predictive evidence. In both studies, 4-year-olds did not demonstrate

any attunement to the integration of verbal testimony and the observed evidence. Taken together,
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the present studies offer novel insights into the effects of informant calibration on children’s
causal understanding in a broad learning environment.

The finding that the older children successfully drew from both the testimonial and
observed deterministic evidence in Study 1 compliments previous findings on children’s
epistemic evaluations of confident informants (e.g., Birch et al., 2020; Brosseau-Liard et al.,
2014). For example, Birch et al. (2020) found that 5-year-olds selectively trust an informant
whose verbal confidence positively correlated with their knowledge access. Here, we extend
these findings to show that children in this age range learn more effectively about causal
relations from a calibrated confident informant. Furthermore, the results of Study 1 demonstrate
the benefits of explanation for children’s causal learning outcomes (Walker et al., 2017). When
an adult provided a causal explanation that was consistent with children’s first-hand
observations, 5-year-olds were more likely to endorse the efficacious causal relations.

The pattern of results in Study 2 makes a novel contribution to studies exploring
children’s understanding of uncertainty in learning contexts. Previous research has suggested that
young children are not sensitive to cues that might justify a person’s hesitancy, at least in their
epistemic judgements and selective learning preferences. At age 5, children did not appreciate
the epistemic value of uncertainty when recalling the details of an accident (Tenney et al., 2011)
or the possible contents of a box (Birch et al., 2020). We, too, found that children treated an
informant who provided an uncertain explanation in the aggregate similarly to that of a certain
explanation. However, the present findings provide some evidence that, by the age of 5, children
are able to understand and integrate uncertain testimony that is consistent with and calibrated to

individual probabilistic events.
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There was some indication that children were more sensitive to cues to certainty than
cues to uncertainty. The older children we investigated were not at ceiling in the accurate,
uncertain condition in Study 2. Thus, 5-year-olds still sometimes interpreted the uncertain
testimony in this condition at face value and chose the probabilistic cues over the deterministic
evidence on certain trials. Further, children were generally more likely to recognize verbal
certainty (or when the informant was “really sure”) than verbal uncertainty (or when the
informant was “not really sure”) in the memory check phase. Although previous work suggests
young children show systematic differences in their behavior on the basis of such verbal
epistemic cues (e.g., Bridgers et al., 2015; Sabbagh & Baldwin, 2001), one possibility is that the
younger children in our sample might not have the metacognitive skills to explicitly reflect on
the certainty of the informant (Ruffman, Rustin, Garnham & Parkin, 2001). Another possibility
is that the current phrasing of the memory check questions did not directly tap into children’s
understanding of a person’s level of confidence. Further research is necessary to discern between
these two possibilities.

Children in the present study heard an explanation about the causal system both prior to
and after viewing the evidence. Because the informant provided an explanation before the
observation phase, this may have primed children to pay attention to the relevant cues, and
potentially lead them to weigh the testimony more heavily than the first-hand evidence. This
might be particularly true in Study 2 where the informant’s explanation was not consistent with
the general causal structure of the objects (i.e., ignored the more obvious, deterministic
evidence). Future research should explore whether children’s causal judgements would differ if
they had the opportunity to observe the evidence before hearing a claim about that evidence in

the same learning environment. For example, Decker et al. (2015) asked 6- to 12-year-olds to
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learn probabilistic relations between a stimulus and a reward (either positive or negative), and
then introduced them to informants who generated false information about those relations. The
children were more likely to weigh their own observations over erroneous verbal instruction
when making judgements about the probability of an outcome. While Decker et al.’s (2015)
study used a different age range and paradigm to the present study, integrating these findings
does suggest that hearing verbal testimony before observing data could promote the calibration
pattern that we posit here; further research should investigate this issue.

To conclude, the present research set out to address a gap in the literatures on the
acquisition of children’s causal knowledge from their own observations of the world (Gopnik, &
Wellman, 2012) and from their interactions with other people (Harris et al., 2018; Mills, 2013;
Sobel & Kushnir, 2013). Our results show the nuanced relation between the verbal and observed
information that children are privy to in a causal learning context. By the age of 5, children were
able to attune subtle differences in the social cues that people use to convey their epistemic
competence to the accuracy of those claims when making causal discoveries. More generally,
these findings suggest that the capacity to integrate disparate sources of evidence emerges

relatively early in development.
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Supplementary Information

Appendix A. Children’s Performance on the Memory Check Questions

Table S1. The number (and percentage) of children who correctly recalled the deterministic cues
and the certainty of the informant by condition in Study 1.

Informant Condition

Certain Uncertain

N % N %
Recall of 100% cue 23 95.83 18 75.00
Recall of 0% cue 22 91.67 22 91.67
Recall of certainty 22 91.67 13 54.17

Table S2. The number (and percentage) of children who correctly recalled the probabilistic cues
and the certainty of the informant by condition in Study 2.

Informant Condition

Certain Uncertain Uncertain
‘Sometimes’
N % N % N %
Recall of 66% cue 21 87.50 18 75.00 14 58.33
Recall of 33% cue 22 91.67 21 87.50 16 66.67

Recall of certainty 15 62.50 15 62.50 16 66.67
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