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The ability to assess subjective experiences of uncertainty 
is foundational to humans' ability to explore, learn, and 
engage in effective decision making (e.g., De Martino 
et al., 2013; Fandakova et al., 2017; Fleming et al., 2012; 
Ghetti et al., 2013). Little is known about the emergence 
and early development of this ability, but recent evidence 
suggests that infants and toddlers exhibit behavioral re-
sponses to uncertain situations, such as looking towards 
caregivers or known experts when they are faced with 
unknown or uncertain situations. For example, infants 
as young as 6 months look longer at their parent when 
their expectations about known properties of the world 
are violated (Walden et al., 2007). By 12 months of age, 
infants look towards a speaker more when they utter 
a novel label in the presence of two unknown objects 
compared to one object, suggesting that they implicitly 
recognize that the referent of the novel label is unclear 
(Bazhydai et al.,  2020; Vaish et al.,  2011). Additionally, 
16- to 20-month-olds are more likely to turn to their 

caregivers for help during difficult compared to easy 
trials (Goupil et al., 2016). Finally, 2-year-olds respond 
faster (e.g., tapping the location where a target picture 
is presented) when they identify the target correctly 
compared to when they make an inaccurate selection 
(Leckey et  al.,  2020), and switch their gaze more fre-
quently between response options during more difficult 
decisions (i.e., when the target and distracter were simi-
lar compared to dissimilar).

Overall, these results suggest that infants and tod-
dlers are sensitive to decision difficulty and attempt to 
gather more information to disambiguate the situation 
well before they can experience feelings of confidence 
that are calibrated to their actual decision accuracy 
and report them on a confidence scale. The latter abil-
ities are clearly demonstrated between 3 and 4 years of 
age (Coughlin et al., 2015; Hembacher & Ghetti, 2014). 
However, it is unclear whether these early behaviors 
demonstrated by toddlers are functionally related to or 
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provide the foundation for uncertainty monitoring later 
in childhood. Thus, the purpose of the current study 
was to evaluate whether early behavioral responses to 
uncertain situations predict later emerging uncertainty 
monitoring abilities (i.e., indicated by higher subjective 
confidence for accurate compared to inaccurate deci-
sions). For the purposes of this study, we refer to these 
early behavioral responses as “uncertainty behaviors”. 
In contrast, we refer to the ability to differentiate accu-
rate from inaccurate decisions in subjective confidence 
reports (i.e., report greater confidence for accurate com-
pared to inaccurate decisions; Lyons & Ghetti,  2011; 
Roebers et al., 2004) as “uncertainty monitoring”.

We examined two uncertainty behaviors as candidates 
for longitudinal predictors of uncertainty monitoring, 
namely gaze transitions between response options prior 
to rendering a decision and response latencies to the de-
cision. Indeed, research in older children and adults in-
dicates that more gaze transitions and longer response 
latencies are associated with subjective assessments of 
uncertainty (Folke et al., 2016; Koriat & Ackerman, 2010; 
Lyons & Ghetti, 2011; Roderer & Roebers, 2014; Zakay 
& Tuvia, 1998). Overall, behavioral responses that track 
response accuracy in toddlers (Dautriche et  al.,  2022; 
Leckey et al., 2020) also track confidence ratings when 
children and adults can provide them. The possibility 
of a developmental continuity between these behavioral 
responses and later subjective uncertainty leads to the 
hypothesis that these uncertainty behaviors may be pre-
cursors of later uncertainty monitoring. This prediction 
may align well with current theoretical accounts about 
early manifestations of metacognition.

Specifically, it has been proposed that a rudimen-
tary form of uncertainty monitoring is already in place 
during infancy (Goupil & Kouider,  2019; Proust,  2019; 
Shea et  al.,  2014). This rudimentary system allows for 
the automatic monitoring and control of actions, such 
as information seeking or selection without conscious 
awareness (Goupil & Kouider,  2019) and is proposed 
to underlie uncertainty behaviors which emerge during 
late infancy (Beran et al., 2012; Goupil et al., 2016). As 
the underlying brain structures and companion abilities 
develop and mature, conscious uncertainty monitoring 
that can be explicitly shared with others emerges and 
continues to be refined throughout childhood. Although 
to date, this account does not offer explicit predictions 
as to whether or to what extent a developmental conti-
nuity should be expected from the early rudimentary 
system to later emerging uncertainty monitoring, their 
developmental relation is plausible. Specifically, indi-
vidual differences in uncertainty behaviors may reflect 
variability in the extent to which toddlers seek out in-
formation during difficult decisions. The repeated expe-
rience of the association between information seeking, 
hesitation, and decision difficulty may pave the way for 
gaining awareness of which decisions may be more, or 
less, uncertain. Thus, we hypothesized that uncertainty 

behaviors at 2 years of age would predict the capacity to 
reflect on uncertainty at 3 years of age, suggesting that 
the uncertainty behaviors observable at 2 years of age 
could potentially be a manifestation of this early, more 
automatic, uncertainty monitoring.

This prediction stands in contrast to another extant 
theoretical account. In this account, early behavioral 
responses do not reflect a rudimentary form of uncer-
tainty monitoring, but rather the appraisal of the levels 
of risk associated with potential choices, resulting in 
the selection of the less risky choice (Carruthers, 2009; 
Carruthers & Williams, 2019). This process is not con-
sidered metacognitive because it does not require any ex-
plicit conceptual understanding of uncertainty, risk, or 
any other mental operation involved in decision making. 
From this perspective, there is no obvious reason to pre-
dict that early uncertainty behaviors would be longitu-
dinal predictors of uncertainty monitoring. Instead, this 
account would lead to the alternative hypothesis that 
children may begin to utilize their uncertainty behaviors 
as cues to their subjective uncertainty states only when 
they have already developed the capacity to conceptu-
ally understand uncertainty and overtly introspect about 
and report on uncertainty. Results consistent with this 
alternative would involve significant concurrent associ-
ations between uncertainty behaviors and uncertainty 
monitoring at age 3, but no direct longitudinal relation 
from uncertainty behaviors at age 2 and uncertainty 
monitoring at age 3. Although we agree that early un-
certainty behaviors are unlikely to be metacognitive in 
their own right because we do not have direct evidence 
that infants and young children are aware of their mental 
states, we propose that experience with these uncertainty 
behaviors may facilitate the emergence of uncertainty 
monitoring.

We recognize that there are additional accounts sur-
rounding the factors underlying the emergence of uncer-
tainty monitoring during the preschool years, including 
the roles of early awareness of mental states and concep-
tual understanding of the mind. Around 2 years of age, 
toddlers begin to show initial, explicit access to their 
feelings of ignorance (e.g., Harris et al., 2017; Marazita 
& Merriman, 2004) as signaled by their use of the ver-
bal expression “I don't know” or gestures such as shrug-
ging (Leckey et al., 2020). This early access to primitive 
mental states and capacity to communicate may support 
young children's ability to identify and label confidence 
states above and beyond behavioral signals (Goupil & 
Kouider, 2019; Paulus et al., 2013).

With regard to conceptual understanding of the 
mind, toddlers' developing theory of mind (ToM) abil-
ities may also promote uncertainty monitoring. ToM, 
which is the understanding of mental states in oneself 
and others, and how these mental states may change 
depending on situations (Wellman & Liu, 2004), devel-
ops across early childhood (Wellman, 2011). This abil-
ity may help children gain an understanding of how 
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mental processes are deployed during a task, and how 
decisions may be inaccurate, which would then allow 
them to subjectively assess their own performance 
(Perner, 2000). These ideas have led researchers to pro-
pose that a ToM develops before uncertainty monitor-
ing, as the latter requires a representation upon oneself 
(Carruthers,  2009). Others argue that uncertainty 
monitoring must develop first, because in order to at-
tribute mental states onto others, one must first be able 
to understand them within oneself (Goldman,  2006). 
With either hypothesis, indicators of ToM, such as un-
derstanding of false belief (Carruthers,  2009), would 
be related to uncertainty monitoring. However, pre-
vious studies testing this hypothesis in the context of 
the same perceptual task used here failed to find an 
association. Specifically, Coughlin et al.  (2015) found 
that 3- to 5-year-olds who exhibited better false belief 
understanding did not show better uncertainty moni-
toring; however, they were more likely to ask for help 
on difficult trials (See also Baer et al., 2021). This result 
suggests that understanding of false belief may be more 
important to evaluate how to act on states of uncer-
tainty, rather than computing one's own uncertainty 
assessments, especially when others' states of knowl-
edge are to be considered. Nevertheless, we deemed it 

important to assess the association between explicit 
false belief understanding and uncertainty monitoring 
in the context of the present study. In this research, an 
alternative model with these variables was also evalu-
ated in order to assess whether individual differences 
in the extent toddlers generally use mental state lan-
guage and preschoolers developing ToM abilities may 
additionally contribute to uncertainty monitoring.

The present study

We conducted a pre-registered longitudinal study to 
examine how individual differences in uncertainty be-
haviors at the age of 2, including gaze transitions be-
tween response options and response latencies (Leckey 
et al.,  2020), predicted uncertainty monitoring abilities 
measured through subjective un/certainty ratings at the 
age of 3. At the first assessment point (Time 1), 2-year-olds 
completed a perceptual identification task in which they 
were asked to identify a target from partially occluded 
images (Figure  1a). These same participants returned 
about 1 year later to complete their second assessment 
(Time 2). At that time, they completed a conceptually 
similar, but age-appropriate perceptual identification 

F I G U R E  1   Perceptual task stimuli. (a) Example of Time 1 perceptual task stimuli. (b) Example of Time 2 perceptual task stimuli. (c) 
Example of pictorial confidence rating scale for Time 2.
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task (e.g., Coughlin et  al.,  2015; Figure  1b), which re-
quired children to select a target from two response 
options depicting visually degraded objects and to rate 
their confidence for each identification (Figure  1c). To 
the extent that gaze transitions and response latencies 
(at either Time 1 or Time 2) are related to uncertainty 
monitoring, we predicted that more gaze transitions 
and longer response latencies would predict better un-
certainty monitoring. A model testing the additional 
hypotheses concerning early mental state language and 
ToM discussed earlier was also assessed. We predicted 
that if mental state language and ToM are related to un-
certainty monitoring, then more mental state language 
use (at either Time 1 or Time 2) and better ToM at Time 
2 would predict better uncertainty monitoring at Time 2.

M ETHODS

Participants

Time 1 included 183 toddlers aged 25–34 months 
(M = 28.99 months, 97 female). Time 2 occurred on aver-
age 12.61 months (SD = 3.39) later and included 159 chil-
dren from Time 1, now preschoolers, aged 36–60 months 
(M = 41.64 months, 83 female). Reasons for participants 
not returning for Time 2 included not responding to re-
cruitment calls (6), moved out of area (3), no longer inter-
ested in participating (2), not returning after scheduling 
sessions (2), or not being recruited for Time 2 (11).

Parents reported their children's race as White 
(N = 124), Asian (N = 5), African American (N = 5), 
Pacific Islander (N = 1), multi-racial (N = 37), and unre-
ported (N = 11). Parents of 31 children identified them as 
Hispanic. Families' household incomes were less than 
$15,000 (N = 4), $15,000–$25,000 (N = 4), $25,000–$40,000 
(N = 16), $40,000–$60,000 (N = 32), $60,000–$90,000 
(N = 34), more than $90,000 (N = 89) and unreported 
(N = 4). The children were recruited from a Northern 
California community between 2014 and 2019, from a da-
tabase of families contacted from birth records, who had 
expressed interest in participating in child development 
studies. None of the children had a history of develop-
mental or speech delays. This experiment was approved 
by the Institutional Review Board of the University of 
California, Davis, and informed consent was obtained 
from all parents.

Materials and procedure

Time 1 measures

Perceptual task
Toddlers were assessed on two versions of a percep-
tual identification task (Figure 1a). Each version had 
20 trials. This task included a manipulation of decision 

difficulty. On each trial, toddlers saw two occluded im-
ages side by side. The stimulus pairs were either percep-
tually and semantically similar (e.g., an elephant and a 
bear) or dissimilar (e.g., a cow and broccoli) to one an-
other. Toddlers were asked to select the target image by 
touching it (touchscreen version) or pointing to it (eye-
tracker version). Stimuli included 40 images of com-
mon objects and animals (Yassa et al., 2011) and were 
selected based on age-of-acquisition norms (Kuperman 
et al., 2012). Results from this task have been reported 
separately (Leckey et al., 2020); therefore, the decision 
difficulty manipulation is not discussed further and we 
collapsed across decision difficulty for the purpose of 
the current analyses. Here, we discuss how we collected 
and processed data for the purpose of the longitudinal 
follow-up.

The eye-tracker version was administered on a Tobii 
T-120 17-in eye-tracker monitor. Children sat on their 
parents' laps approximately 60 cm from the monitor. All 
stimuli were 10 cm × 10 cm (visual angle 9.53) with 4.45 cm 
(visual angle 4.24) between them. Tobii Studio's standard 
infant calibration was used; a cartoon cat was presented 
at 5 points on the screen accompanied by a sound effect. 
The experiment proceeded when children's gaze was cap-
tured at all 5 points. Default Tobii fixation filter settings 
were used for eye movement data reduction (velocity 
threshold: 35 pixels per sample; distance threshold: 35 
pixels; minimum fixation duration: 83 ms). Parents wore 
dark sunglasses to ensure that their eye movements were 
not unintentionally recorded and were instructed to re-
frain from speaking to their child during the task and 
hold their child to prevent them from leaning forward or 
moving excessively. Toddlers were introduced to the task 
by being told, “Now we are going to find some things 
that are hiding behind boxes!” and were instructed to 
respond by pointing to the appropriate image on the 
screen. For each trial, the experimenter asked, “Can you 
find the (target)?” on a blank screen and then pressed a 
button to present the trial. As soon as the child pointed 
to a response, the experimenter keyed in their response, 
advancing the task to a blank screen with a fixation cross 
in the middle. If the child refused to respond, the exper-
imenter keyed in a separate code and moved on to the 
next trial.

The touchscreen version was identical to the eye-
tracker version, except that children sat in front of the 
monitor on a child-sized chair and were instructed to re-
spond by touching the appropriate image on an upright 
touchscreen monitor. As soon as the child touched an 
image, the task advanced to a blank screen before start-
ing the next trial. As in the eye-tracker version, if a child 
refused to respond, the experimenter keyed in a separate 
code and moved on to the next trial. The eye-tracker ver-
sion of the perceptual discrimination task was always 
completed before the touchscreen version due to piloting 
revealing a tendency for toddlers to lean forward during 
the eye-tracker version if they completed the touchscreen 
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version first, which interfered with accurate eye move-
ment data collection.

Not all participants contributed data in both versions 
of the perceptual task due to some toddlers being unco-
operative in one (27) or both versions (8), not returning 
for all sessions (3), computer issues (2), or they completed 
an advanced pilot version of the perceptual task at Time 
1 (6). Therefore, 149 toddlers contributed eye-tracker 
data and 157 toddlers contributed touchscreen data.

The variables obtained from this perceptual task 
included accuracy, response latencies, and gaze transi-
tions. Response latencies were obtained from the touch-
screen version of the task and were measured as the time 
from when the stimulus was shown on the screen to the 
time when the participant touched the screen for their 
response. The final response latency variable was an 
average of response latencies from all valid trials. Gaze 
transitions were obtained from the eye-tracker version of 
the task. In order to calculate gaze transitions, we used 
Tobii Studio software to create areas of interest (AOIs). 
These AOIs encompassed individual square images sur-
rounding the target and distractor stimuli respectively, 
so that each trial had a target AOI and a distractor AOI. 
Our gaze transitions variable was calculated by counting 
how many times the children's gaze transitioned from 
one stimulus to the other during a trial. We defined a 
transition as a fixation on an AOI that was preceded by 
a fixation to the other AOI, including instances in which 
there were fixations on other (non-AOI) areas of the 
screen in between fixations to AOIs. The first fixation 
to an AOI in a trial was not counted as a transition, so 
the minimum number of transitions in a trial was zero. 
The final gaze transition variable was an average of gaze 
transitions from all valid trials. The accuracy variable 
was an average of the accuracy scores from the touch-
screen and eye-tracker versions of the task. To calculate 
this average, we first calculated the participants average 
accuracy for both versions separately, and then took an 
average of those two scores. We considered this approach 
acceptable because there were no significant differences 
between participants scores on the different versions of 
the task (t(136) = −1.63, p = .11, d = 0.25) and there was a 
significant correlation between the two, r = .34, p < .001. 
For the participants who did not complete both versions 
of the task, we predicted missing values by utilizing a 
linear regression model predicting either touchscreen 
accuracy from eye-tracker accuracy or vice versa. The 
resulting accuracy average was thus obtained from two 
scores across all participants.

Before calculating the accuracy and response latency 
variables from the touchscreen version, we removed 
trials for which parents reported that the child did not 
know the word for the object they were being requested 
to find. This resulted in 114 trials (3.63%) across 60 tod-
dlers being eliminated from analyses. Then, we removed 
trials for which children did not provide an answer. This 
resulted in 25 trials (0.80%) across 17 toddlers being 

eliminated. Next, we removed any trials with response 
latencies less than 700 ms in duration. These trials were 
likely to be responses produced before processing the 
stimuli or trials in which the toddler was inattentive. 
Previous research has indicated that the average time for 
5-year-olds to make a motor response is around 750 ms 
(Droit-Volet,  2010), so with our sample, it was decided 
that 700 ms was a reasonable reaction time cutoff. This 
criterion resulted in 9 trials (0.29%) across 8 toddlers 
being eliminated from analyses. Finally, we also removed 
trials where the z-scored response latencies across each 
individual participant were ±3 SDs. This resulted in 76 
trials (2.42%) across 76 toddlers being eliminated from 
analyses. Once these eliminations were made average re-
sponse latencies and accuracy for each participant were 
calculated.

Before calculating the accuracy and gaze transi-
tion variables for the eye-tracker version, similar to the 
touchscreen version, we eliminated trials for which the 
word was not known. This resulted in 120 trials (4.06%) 
across 57 toddlers being removed from analysis. Next, 
we removed trials for which children did not provide an 
answer. This resulted in 46 trials (1.56%) across 22 tod-
dlers being eliminated from analyses. Finally, we also 
removed trials for which the eye-tracker did not measure 
any look time to either AOI, target or distractor. This 
criterion resulted in the exclusion of 367 trials (12.41%) 
across 84 toddlers being eliminated from analyses. Once 
these eliminations were made accuracy and average gaze 
transitions for each participant were calculated.

Use of ignorance expression
To assess toddlers use of ignorance expressions during 
the laboratory visit, we had parents report on their child's 
use of mental state language sentences using an adapted 
version of the Cognition portion of the Internal States 
Language Questionnaire (Bretherton & Beeghly, 1982). 
The sentences included “I think”, “I know”, “I guess”, 
“I'm sure” and “I don't know”. Parents rated how often 
their child used each of these phrases on a five-point 
scale from 1 (“never/not yet”) to 5 (“often”). Although 
we collected information on all of these phrases with this 
questionnaire, we chose to only use the single item that 
assessed the frequency of use of “I don't know” because 
this phrase has been shown to emerge earlier than other 
mental state language phrases, has a more direct be-
havioral expression (e.g., shrugging; Harris et al., 2017), 
and has been used in a previous paper with 2-year-olds 
(Leckey et al., 2020).

General vocabulary
To determine whether any findings concerning mental 
state language were driven by general language ability, 
we conducted a supplemental path model which included 
a measure of general vocabulary. Time 1 general vocabu-
lary was assessed with MacArthur-Bates Communicative 
Development Inventory-II language questionnaire 
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(Fenson et al., 2000). This is a questionnaire filled out by 
the parent which asks about their toddlers' vocabulary, 
grammar, semantics, pragmatics, and comprehension. 
For this study, we used the toddlers' vocabulary score, 
resulting from parents checking off which of 100 words 
is expressed by their toddlers. The vocabulary score was 
calculated by taking the average of the 100 words that 
the parents checked off.

Time 1 procedure

Toddlers participated in 3 sessions, spaced about a week 
apart and they received a book after each session for 
their participation. Before data collection for each ses-
sion, the experimenter played with the child outside of 
the testing room for about 5 min in order to build rap-
port and increase comfort with the laboratory environ-
ment. During Session 1, parents completed demographic 
and general vocabulary questionnaires and reported on 
the ignorance language question. During Session 2, we 
administered the eye-tracker version of the perceptual 
discrimination task, and during Session 3, we admin-
istered the touchscreen version of the task. In addition, 
participants completed other measures which fall be-
yond the scope of the current research.

Time 2 measures

Perceptual task
Participants completed a perceptual discrimination task 
(Figure 1b), which differed from that used at Time 1 in 
that images were degraded as in previous studies with this 
age group (Coughlin et al., 2015). Moreover, preschoolers 
were asked to provide confidence ratings (touchscreen 
version only; Figure 1c). Stimuli included 108 line draw-
ings of objects and animals (Cycowicz et al., 1997), that 
are typically known to children as young as 3 years of 
age based on previous studies (e.g., Lyons & Ghetti, 2011) 
and age-of-acquisition norms (Morrison et al., 1997). An 
automated program was used to degrade the line draw-
ings by removing a specific number of pixels from each 
image. Twenty percent of pixels were removed and the 
percentage of pixels removed were the same for each 
drawing. Two sets of 40 drawings were created for coun-
ter balancing, 8 images were used for practice trials, and 
20 images were used for confidence practice.

The touchscreen version began with training the pre-
schoolers on choosing a target from the two degraded 
images. They completed four practice trials where they 
were asked to choose an image and were given feedback 
on the accuracy of their choice. When they were correct, 
the experimenter would give positive feedback, (e.g., 
“Great job! We chose this drawing because we saw that 
the gorilla was in there!”) and when they were incorrect, 
the experimenter would correct them (e.g., “Oops, the 

gorilla is actually in here. But that's okay because it's just 
practice.”). After these practice trials, the experimenter 
would train the preschoolers on using the confidence 
scale. The confidence scale was a 3-point pictorial scale 
with pictures of a child displaying facial and body ex-
pressions of low, moderate, or high confidence at each 
point of the scale (Figure 1c). The same child image was 
used for each level and could be interpreted as being fe-
male or male. The experimenter first verbally described 
each level of the uncertainty scale. Low-confidence was 
described as being “not so sure about your answer”, mod-
erate confidence as “kind of sure about your answer”, 
and high confidence as “really sure about your answer”. 
After, the preschoolers completed 10 practice trials where 
they were asked to find an object or image from two de-
graded line drawings and then reported their confidence 
for that answer by selecting one of the confidence scale's 
images. The experimenter would provide feedback on 
their confidence scale selection; giving positive feedback 
when the selection seemed to match the outward expres-
sion of uncertainty (e.g., “Great job! You were really sure 
about that one, so you touched this face.”), and prompt-
ing them to touch another image when their selection did 
not match the outward expression of uncertainty (e.g., 
“Hmm, it seemed like you were not so sure about that 
one. Remember, if you're not so sure about your answer, 
this is the face you touch.”). After the 10 practice trials, 
the experimenter verified the preschoolers understand-
ing of each point on the confidence scale and stressed 
the importance of using all three pictures during the rest 
of the task. Preschoolers then completed 20 test trials, 
where no feedback was given. They were asked to first 
identify a degraded image and immediately after mak-
ing their choice, they reported their confidence in their 
choice.

The eye-tracking version required the preschoolers to 
complete the same 20 trials as the touchscreen version 
(i.e., same item pairs). However, no training on the task 
was done and they were not asked to report their con-
fidence levels. In addition, to ensure less movement for 
accurate eye movement data, the preschoolers were given 
a soft-tipped “wand” in order to point to their choice and 
the experimenter would key in their response. In both 
tasks, for any trial where the preschooler refused to sub-
mit an answer, the experimenter would press a separate 
key and that trial was taken out of analysis. Unlike Time 
1, the touchscreen version was always completed before 
the eye-tracker version. This was because the confidence 
scale was completed during the touchscreen version and 
we were concerned their confidence ratings would be 
impacted if the children made their confidence choices 
during the second round of seeing the images.

Similar to Time 1, not all participants at Time 2 
contributed data in both perceptual task versions due 
to being uncooperative in one (9) or both versions (1). 
Therefore, 153 preschoolers contributed eye-tracking 
data and 154 preschoolers contributed touchscreen data.
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      |  7VISUAL EXPLORATION AND UNCERTAINTY MONITORING

Similar to Time 1, response latencies and accuracy 
were obtained from the touchscreen version and gaze 
transitions and accuracy were obtained from the eye-
tracker version. In addition, average confidence and 
uncertainty monitoring variables were obtained from 
the touchscreen version. Similar to Time 1, there were 
no statistically significant differences between the ac-
curacy scores in the touchscreen version compared to 
the eye-tracker version (t(148) = 0.69, p = .493, d = 0.08), 
and the two scores were significantly correlated (r = .40, 
p < .001), therefore, we again collapsed across the two 
scores. Average confidence was calculated by taking the 
average of all confidence ratings across all valid trials 
for each participant. The uncertainty monitoring vari-
able was calculated by subtracting average confidence 
for inaccurate trials from average confidence for the 
accurate trials. Data processing and calculations were 
the same as Time 1 for all variables. For the touchscreen 
variables, no trials were eliminated due to preschoolers 
not providing an answer or for responses being below the 
700 ms cutoff. Fifty trials (1.63%) across 50 preschoolers 
were eliminated due to our outlier cutoff of 3 SD above 
or below the individuals mean. For the eye-tracker vari-
ables, there were 36 trials (1.18%) across 17 preschoolers 
which were eliminated due to preschoolers not provid-
ing an answer. Additionally, there were 270 trials (8.82%) 
across 85 preschoolers eliminated from analysis due 
to no looking time measured towards the target or the 
distractor.

Mental state language
Similar to Time 1, parents were asked to report on their 
child's use of mental state language sentences using 
the adapted version of the Cognition portion of the 
Internal States Language Questionnaire (Bretherton & 
Beeghly, 1982). However, at Time 2, we utilized the entire 
subscale in our analysis and the mental state language 
score was the average across the 5 ratings.

Theory of mind
Preschoolers completed two versions of the explicit false 
belief task from Wellman and Liu (2004). This task was 
completed on the same touchscreen monitor as the per-
ceptual task. Preschoolers were introduced to a charac-
ter (version 1: Scott; version 2: Sally) looking for their 
lost item (version 1: mittens; version 2: sunglasses), which 
was hidden in one of two locations. The child was told 
that the character's item was really in one of the locations 
(version 1: in a backpack; version 2: in a purse) but the 
character thought the item was in the second location 
(version 1: in the closet; version 2: in the bedroom). After 
hearing the story, children were asked where the char-
acter would search for the item. Children would either 
point to their answer on the screen or answer verbally 
and the experimenter would key in their response. If the 
child answered correctly (chose the place where the char-
acter thought the object was) they were awarded a score 

of 1. If they answered incorrectly (chose the place the ob-
ject actually was) they were awarded a score of 0. The 
scores from both versions of the task were averaged for a 
final ToM score which could take on values of 0, 0.5, or 1.

Time 2 procedure

Participation at Time 2 was completed across three ses-
sions. During session 1, preschoolers completed both 
versions (touchscreen and eye-tracker) of the percep-
tual task and one version of the false belief task. During 
session 2, parents completed the mental state language 
questionnaire and during session 3, preschoolers com-
pleted the second version of the false belief task. Similar 
to Time 1, participants completed other measures that 
were beyond the scope of the current study.

Analytical approach

The analyses reported in the manuscript were pre-
registered (Open Science Framework; https://​osf.​io/​t642d​ ) 
and are therefore confirmatory analyses. Additional 
analyses reported in the Supporting Information were 
also pre-registered (Supporting Information Results 1 
and 2; https://​osf.​io/​ahde8/​​) and were also confirmatory 
analyses.

Path models

To test the main hypotheses, we utilized path models. 
Path models rely on multiple regression methods to ex-
amine how multiple independent variables may predict a 
dependent variable (Lleras, 2005). Unlike a simple mul-
tiple regression model, path models allow researchers to 
examine both direct and indirect effects on a depend-
ent variable, by requiring specification of relationships 
among all variables included in the model. In our path 
model diagrams, variables in boxes represent observed 
variables. Single-direction arrows depict the direction of 
the proposed effect, with the tip of the arrow pointing 
towards the variable that is being influenced by the other 
variable. Correlations between variables are depicted by 
double-headed arrows.

With our path models, we examined both concurrent 
and longitudinal relations between Time 1 and Time 2 
behaviors and Time 2 uncertainty monitoring, while 
accounting for age, accuracy across tasks, and Time 2 
levels of average confidence, gaze transitions, response 
latencies, and mental state language. If early behavioral 
responses are developmental antecedents of later uncer-
tainty monitoring, we should expect a significant direct 
path from Time 1 variables of gaze transitions and re-
sponse latencies to Time 2 uncertainty monitoring, with 
more gaze transitions and longer response latencies 
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predicting better uncertainty monitoring. However, if 
children learn to use behavioral responses as cues to 
uncertainty monitoring only when they are already able 
to provide subjective assessments of uncertainty, then 
no direct longitudinal path between Time 1 behaviors 
and Time 2 uncertainty monitoring is expected and 
only Time 2 behavioral responses would be significant 
predictors.

We tested our models using the RStudio package 
lavaan, which uses full information maximum like-
lihood to utilize all available data while accounting 
for patterns of missing data (Rosseel,  2012). We de-
termined fit of our models by a non-significant chi-
square difference test, a comparative fit index (CFI) 
of .9 or greater, and a root mean square error of ap-
proximation (RMSEA) of  .06 or less. Finally, response 
latencies were transformed from milliseconds to sec-
onds and age variables were transformed from months 
to years in order to reduce the order of magnitude of 
standard errors to be similar to the other predictors in 
our models.

RESU LTS

Descriptive statistics for all variables can be found in 
Table 1 and correlations between all variables in the path 
models can be found in Table S1.

Preliminary analyses

Time 1 results were analyzed elsewhere (Leckey 
et al., 2020). As for Time 2 results, we examined the pre-
schoolers' accuracy scores to confirm that the task was 
appropriate for this age group. Overall, accuracy scores 

at Time 2 were lower than accuracy scores at Time 1, 
t(143) = 15.15, p < .001, d = 1.62, suggesting that the task 
was harder for the participants at Time 2. However, 
accuracy scores were similar for the eye-tracker ver-
sion (M = 0.58, SD = 0.14) and the touchscreen version 
(M = 0.59, SD = 0.11) and they were above chance in both 
the eye-tracker version, t(152) = 7.44, p < .001, d = 0.60, and 
the touchscreen version, t(153) = 10.16, p < .001, d = 0.82 
(i.e., accuracy higher than 0.5). These results confirm 
that participants were able to complete the perceptual 
task successfully overall at Time 2.

Before conducting our path models, we also exam-
ined whether there were differences in Time 1 variables 
between the children who completed both time points 
compared to the children who only completed Time 
1. We found that there were no significant differences 
in Time 1 age, general vocabulary, response latencies, 
gaze transitions, accuracy, or “I don't know” ratings 
(ps ≥ .249).

Finally, we additionally examined the zero-order 
correlations between predictors in our path models 
(Table  S1). Correlations were not consistent across all 
measures at both Time points. Gaze transitions and re-
sponse latencies at Time 1 were significantly correlated 
(r = .20, p = .022), whereas, the correlation between gaze 
transitions and response latencies at Time 2 failed to 
achieve conventional levels of statistical significance 
(r = .14, p = .093), although correlations at both time 
points did not significantly differ in magnitude accord-
ing to the Steiger z test (z = .51, p = .61). In addition, gaze 
transitions and accuracy were not correlated at Time 1 
(r = .01, p = .917), but were significantly correlated at Time 
2 (r = .22, p = .007).

Gaze transitions, response latencies, and 
uncertainty monitoring

To investigate how Time 1 average gaze transitions 
and response latencies predicted uncertainty monitor-
ing at Time 2, we entered these Time 1 predictors in a 
path model along with the same predictors assessed at 
Time 2 (Figure  2). Mean accuracy, mean confidence, 
and age were also included as covariates to ensure that 
longitudinal relations did not depend on overall differ-
ences in the accuracy on the task, tendency to report 
high confidence, or variability in age. This model al-
lowed us to examine the paths from Time 1 variables 
accounting for Time 2 variables and relevant covariates. 
Our model was not saturated and had acceptable levels 
of absolute and relative model fit as indicated by a non-
significant chi-square test (robust χ2(13) = 18.99, p = .123), 
the RMSEA = .05, and CFI = .87.

Before examining longitudinal predictions, we note 
that average gaze transitions and average response 
latencies were significantly associated in the Time 1 
task, β = .29, SE = .19, p = .044 and trending the same 

TA B L E  1   Means and standard deviations of study variables.

Variable N M SD

Time 1 variables

Age 183 28.99 1.70

Gaze transitions 149 1.38 0.66

Response latencies 157 4169.68 1973.68

Accuracy 169 0.77 0.12

“I don't know” ratings 177 3.60 1.49

Time 2 variables

Age 159 41.64 3.88

Gaze transitions 153 1.01 0.48

Response latencies 154 4108.62 1808.37

Accuracy 158 0.59 0.10

Mental state language 145 3.69 0.76

Theory of mind 160 0.59 0.37

Average confidence 154 1.44 0.46

Uncertainty monitoring 154 0.01 0.32
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      |  9VISUAL EXPLORATION AND UNCERTAINTY MONITORING

direction in the Time 2 task, β = .13, SE = .06, p = .057, 
suggesting that these variables functioned similarly at 
each time point as far as capturing the time taken by 
visual exploration prior to committing to a response. 
As for our longitudinal tests, results revealed a signifi-
cant path between Time 1 gaze transitions and Time 2 
uncertainty monitoring, β = .18, SE = .04, p = .035, indi-
cating that toddlers who switched gaze more frequently 
during the task at Time 1 showed better uncertainty 
monitoring (i.e., higher confidence ratings reported for 
accurate trials compared to inaccurate trials) at Time 
2. There was also a significant path between Time 2 
response latencies and Time 2 uncertainty monitoring, 
β = −.15, SE = .01, p = .028, indicating, contrary to our 
prediction, that children with faster response latencies 
during the task at Time 2 showed better uncertainty 
monitoring (see Supporting Information Results 1 for 
a pre-registered complementary analysis using multi-
level models suggesting this result is driven by accurate 
trials and Supporting Information Results 2 for a pre-
registered path model utilizing drift diffusion parame-
ters instead of average response latencies).

The path between Time 1 response latencies and 
Time 2 uncertainty monitoring and the path between 
Time 2 gaze transitions and Time 2 uncertainty mon-
itoring were not significant (β = −.08, SE = .01, p = .259; 
β = .03, SE = .05, p = .712). Thus, our results were consis-
tent with our main hypothesis that Time 1 gaze tran-
sitions would predict Time 2 uncertainty monitoring. 
However, this was not the case with regard to response 
latencies and our alternative hypothesis that these be-
haviors would only be associated concurrently with 
uncertainty monitoring.

Evaluating the role of mental state 
language and ToM

To explore the role of mental state language and ToM, 
we examined Time 1 parental report of the frequency 
of use of the “I don't know” phase, and Time 2 parental 
report of mental state language use and the false belief 
task as predictors of Time 2 uncertainty monitoring 
(Figure S1). The same variables and covariates as our 
main model were also included. Additionally, we added 
paths from Time 1 response latencies and gaze transi-
tions to Time 2 mental state language and ToM. Similar 
to our main model, this model had good fit, with a 
non-significant chi-square test (robust χ2(22) = 30.44, 
p = .108), RMSEA = .05, and CFI = .87. In addition to 
the significant paths seen in the main model, there was 
also a significant path from Time 1 “I don't know” rat-
ings to Time 2 mental state language, β = .30, SE = .04, 
p < .001, such that more frequent use of “I don't know” 
at Time 1 predicted higher use of mental state lan-
guage at Time 2. However, the paths from Time 1 “I 
don't know” ratings, Time 2 mental state language, 
and Time 2 ToM to Time 2 uncertainty monitoring 
were not significant (β = −.07, SE = .02, p = .392; β = .06, 
SE = .04, p = .498; β = −.05, SE = .07, p = .568). Finally, the 
paths from Time 1 response latencies and gaze transi-
tions to Time 2 mental state language and ToM were 
also not significant (β = −.04, SE = .03, p = .643; β = .08, 
SE = .09, p = .311; β = −.02, SE = .02, p = .883; β = −.002, 
SE = .05, p = .982). Thus, neither mental state language 
nor ToM abilities seemed to be related to the emergence 
of uncertainty monitoring. Similar results were found 
when a measure of overall vocabulary at Time 1 was 

F I G U R E  2   Path model examining the relations among uncertainty behaviors at Time 1 and Time 2 and their ability to predict uncertainty 
monitoring at Time 2. Non-significant paths are gray. Not pictured: Significant covariances between Time 1 average accuracy and age 
difference, β = −.19, SE = .003, p = .039 and between Time 1 response latencies and age difference, β = .21, SE = .06, p = .028. *p < .05, **p < .01, 
***p ≤ .001.
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accounted for in the model (Supporting Information 
Results 3), although model fit overall was poor which 
motivated our retention of a simpler model without 
general vocabulary.

DISCUSSION

Young children amass considerable knowledge in a short 
period of time, availing themselves with relentless ques-
tioning (Chouinard et al., 2007) and remarkable ability 
to identify reliable sources of information (Pasquini 
et  al.,  2007) and to respond to feedback (Leonard 
et  al.,  2020). Against this backdrop, the ability to sub-
jectively evaluate one's level of uncertainty (Ghetti 
et al., 2013; Koriat & Goldsmith, 1996) is critical to direct 
learning efforts and monitor current knowledge states. 
Recent research has suggested that infants and toddlers 
exhibit uncertainty behaviors such as turning to adults 
for help, or transitioning their gaze between response 
options during difficult decisions (Goupil et  al.,  2016; 
Goupil & Kouider, 2016; Leckey et al., 2020), which may 
provide the foundation for later emerging uncertainty 
monitoring.

Using a longitudinal design, we found that gaze 
transitions between response options at 2 years of age 
positively predicted uncertainty monitoring 1 year 
later. Previous research has proposed that gaze tran-
sitions allow one to gather more information about 
response choices before making a decision when un-
certain (Folke et  al.,  2016; Leckey et  al.,  2020). Our 
longitudinal relation suggests that toddlers who were 
more likely to visually explore and compare response 
options prior to committing a response may have more 
opportunities over time to recognize differences in 
states of knowledge leading to gaining better ability to 
discriminate these states with subjective experiences 
of uncertainty. Future studies should include exper-
imental manipulations encouraging repeated visual 
exploration of response options to pinpoint the exact 
mechanism through which early opportunities for 
gathering and weighing visual evidence may promote 
uncertainty monitoring over time. This longitudinal 
relation persisted after controlling for concurrent gaze 
transitions at age 3, which did not predict concurrent 
uncertainty monitoring, but were related to accuracy. 
Therefore, although gaze transitions may be implicit 
indictors of how well children gather accurate evidence 
before making decisions even at age 3, children at this 
age may not have direct access yet, as adults do (Folke 
et al., 2016), to the correspondence between trial-level 
gaze transitions and uncertainty and thus to the use of 
this behavior to assess subjective uncertainty.

Unlike gaze transitions, response latencies at age 
2 did not predict later uncertainty monitoring. Given 
that Leckey et al. (2020) found that response latencies in 
2-year-olds distinguished between correct and incorrect 

responses, failure to detect a longitudinal relation sug-
gests that hesitation alone may not promote the capacity 
to introspect on uncertainty, and implies, instead, that 
how toddlers garner more information through visual 
inspection while computing the decision, may be more 
critical early in development.

In contrast to our predictions, shorter response laten-
cies at age 3 concurrently predicted better uncertainty 
monitoring. We had predicted that longer response la-
tencies would predict better uncertainty monitoring, 
which is consistent with the idea that hesitation may 
be a behavioral indicator of uncertainty monitoring as 
found in preschoolers (Lyons & Ghetti, 2011), older chil-
dren (Koriat & Ackerman, 2010), and adults (Robinson 
et al., 1997; Zakay & Tuvia, 1998). The opposite direction 
of this relation suggests, instead, that 3-year-olds who re-
spond more efficiently in the task may have better uncer-
tainty monitoring. The supplemental analysis utilizing a 
multilevel model to examine children's responses at the 
trial level (Supporting Information Results 1) provided 
results consistent with this possibility (i.e., 3-year-olds 
who responded more quickly on accurate decisions re-
ported higher confidence on those decisions compared 
to 3-year-olds who responded more slowly). In other 
words, the relation between response latency and con-
fidence was not about slower responses providing a cue 
to uncertainty and helping to discriminate between ac-
curate and inaccurate decisions, but rather being more 
confident when effective and efficient decisions were 
made.

The lack of longitudinal relation for gaze transitions 
and response latencies suggests little continuity of these 
behaviors during this developmental period, but could 
potentially be due to task differences. The fact that gaze 
transitions and responses latencies are related to each 
other at each time point is consistent with this possibil-
ity. We did our best to design the tasks to be comparable 
between time points; however, we elected to use a simpler 
task involving occluded images at Time 1 because of a 
concern that degraded images would be too difficult for 
toddlers. It is possible that if toddlers and preschoolers 
completed the exact same task at both time points that 
we would find a relation between gaze transitions and 
response latencies at both time points. Future research 
should examine this possibility.

We tested an additional exploratory model based 
on extant proposals that early use of mental state lan-
guage and ToM may contribute to the emergence of un-
certainty monitoring (Sodian et al., 2012). It has been 
suggested that toddlers use of verbal expressions of 
ignorance, such as “I don't know,” may increase their 
understanding of confidence states. Similarly, in order 
to achieve the ability to assess when one's cognitive op-
eration yielded a correct versus incorrect decision, it 
has been theorized that one must understand that men-
tal states can explain decisions (ToM; Flavell,  2000; 
Goldman, 2006). Early use of expressions of ignorance 
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      |  11VISUAL EXPLORATION AND UNCERTAINTY MONITORING

predicted later use of mental state language consis-
tent with the idea that there is a continuity in the ex-
tent to which children access and communicate their 
states of knowledge. Therefore, we examined whether 
toddlers use of “I don't know” and preschoolers' ToM 
ability predicted preschoolers' uncertainty monitor-
ing. However, neither toddlers' parental reported use 
of “I don't know” nor preschoolers' ToM ability were 
significant predictors of uncertainty monitoring at age 
3. This result suggests that overall use of mental state 
language and ToM may not be critical to support the 
emergence of capacity to experience and report uncer-
tainty on discrete perceptual decisions.

Although our failure to detect an association be-
tween explicit false belief and uncertainty monitor-
ing is consistent with other studies (Baer et  al.,  2021; 
Coughlin et  al.,  2015), several proposals exist sur-
rounding the connections between the abilities to un-
derstand mental states in oneself and others, which 
would predict associations between these two abilities 
(Carruthers, 2009). This position is not ubiquitous and 
the possibility that ToM and uncertainty monitoring 
are separate systems resulting in no correlations among 
them has been proposed (Carruthers, 2009). Thus, it is 
possible that an explicit understanding of the mental 
states of others is not necessary to compute confidence 
ratings that are calibrated to the accuracy of one's, 
immediately preceding, cognitive decision (Nichols & 
Stich,  2003). However, other studies have found pre-
dicted associations between uncertainty monitoring 
and ToM, such as a recent study which revealed im-
paired uncertainty monitoring and ToM abilities in 
children with autism spectrum disorder compared to 
typically developing children and, across both groups, 
uncertainty monitoring was associated with ToM 
(Nicholson et al., 2021). It is possible that testing con-
text in our current study may not have been optimal to 
detect an association because children were not asked 
to act on the basis of their uncertainty (e.g., seeking 
help from an adult; Coughlin et al., 2015). Therefore, 
future research may gain from examining associations 
between other behaviors stemming from uncertainty 
assessments in order to obtain a more comprehensive 
picture of the relation between uncertainty monitoring 
and ToM.

The lack of a relation between mental state language 
and uncertainty monitoring may also suggest that 
there is a difference between a parent's perception of 
their child's use of mental states and the child's expe-
rience of uncertainty in a laboratory task. Differences 
between laboratory tasks and survey measures have 
been shown in past research in other fields, including 
self-regulation (Eisenberg et  al.,  2019). For example, 
Eisenberg et al. (2019) showed that although there are 
a variety of laboratory tasks and surveys used to mea-
sure self-regulation and they are thought to measure 
the same construct, these laboratory tasks and survey 

measures actually do not correlate with one another. 
Thus, it is possible that the use of survey measures for 
mental state language can explain its failure to pre-
dict a laboratory measure. We also recognize that our 
measures of mental state language in toddlers and in 
preschoolers may not have been fully comprehensive, 
given that our toddler measure was a single item. We 
chose a single-item assessment because “I don't know” 
has been shown to be one of the first mental state lan-
guage phrases spoken by 2-year-olds and we wished 
to use a similar assessment as prior literature (Leckey 
et  al.,  2020). Although some researchers argue that 
single-item scales can be just as reliable as multi-item 
scales (Bergkvist, 2015; Loo, 2002), future studies may 
examine the relation between uncertainty monitoring 
and additional uncertainty terms used in everyday 
language (Meder et al., 2022), for both the toddler and 
preschooler age groups.

We note that even though past research has shown 
that 3-year-old preschoolers are able to monitor their un-
certainty (Coughlin et al., 2015: Lyons & Ghetti, 2013), 
as a group, our participants did not show reliably higher 
confidence for accurate compared to inaccurate answers 
(Table 1). One reason for this discrepancy between past 
research and ours may be that our sample was younger 
and more diverse than the samples included in previ-
ous research. The ability to monitor uncertainty is still 
emerging at 3 years of age, with likely large individual 
variation, which we observed. We were reassured by 
several findings that suggest that these participants 
were approaching our tasks as expected, including that 
these same children exhibited reliable responses to deci-
sion difficulty at age 2 (Leckey et al., 2020) and age 3 in 
their eye movements and response latencies (Supporting 
Information Results 4). Nevertheless, future research 
should replicate our findings with a slightly older sample 
to ensure a sample with better overall uncertainty mon-
itoring scores.

Finally, future research should examine potential mo-
tivations behind perceptual tasks, like the one used in the 
current study, and their links to uncertainty monitoring. 
For example, both of the tasks utilized in this study were 
introduced as a “finding game”, and the blocked or de-
graded nature of the task was created to be engaging and 
interesting for the children in order to encourage them to 
try their best while also eliciting some uncertainty about 
the answer. Future research could examine whether this 
engagement is driven by the children visually inspecting 
the stimuli for the sake of resolving this uncertainty ver-
sus the children trying to fulfill a desire to know what 
the answer is.

In summary, we showed that gaze transitions between 
response options at age 2 predict preschoolers' uncer-
tainty monitoring abilities, whereas response latencies 
and mental state language did not. In addition, we found 
that concurrent behaviors of gaze transitions, mental 
state language, and ToM did not predict preschoolers' 
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uncertainty monitoring abilities, however, response la-
tencies did. These results underscore the importance 
of early visual exploration during decision making as a 
marker of evidence seeking and future capacity to intro-
spect on uncertainty.
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