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Abstract

Without conscious thought, listeners link events in the world to sounds they hear. We

study one surprising example: Adults can judge the temperature of water simply from

hearing it being poured. We test the development of the ability to hear water tem-

perature, with the goal of informing developmental theories regarding the origins and

cognitive bases of nuanced sound source judgments. We first confirmed that adults

accuratelydistinguished the soundsof hot andcoldwater (pre-registeredExperiments.

1, 2; total N = 384), even though many were unaware or uncertain of this ability. By

contrast, children showed protracted development of this skill over the course of mid-

dle childhood (Experiments. 2, 3; total N= 178). In spite of accurately identifying other

sounds and hot/cold images, older children (7–11 years) but not younger children (3–6

years) reliably distinguished the sounds of hot and coldwater. Accuracy increasedwith

age; 11-year old’s performancewas similar to adults. Adults also showed individual dif-

ferences in accuracy that were predicted by their amount of prior relevant experience

(Experiment 1). Experience may similarly play a role in children’s performance; differ-

ences in auditory sensitivity and multimodal integration may also contribute to young

children’s failures. The ability to hear water temperature develops slowly over child-

hood, such that nuanced auditory information that is easily and quickly accessible to

adults is not available to guide young children’s behavior.
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Highlights

1. Adults can make nuanced judgments from sound, including accurately judging the

temperature of water from the sound of it being poured.

2. Children showed protracted development of this skill over the course of mid-

dle childhood, such that 7–11-year-olds reliably succeeded while 3–6-year-olds

performed at chance.

3. Developmental changes may be due to experience (adults with greater rele-

vant experience showed higher accuracy) and the development of multimodal

integration and auditory sensitivity.
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4. Young children may not detect subtle auditory information that adults easily

perceive.

1 INTRODUCTION

Without conscious effort, people make nuanced inferences about

events in the world from sounds they hear (Gaver, 1993a, 1993b; Gib-

son, 1977; see Giordano, 2003 for a review). Subtle acoustic features

shape our everyday actions and decisions, even outside of awareness

(e.g., we stop pouring when a bottle sounds full; Cabe & Pittenger,

2000; Perfecto et al., 2018). Peoplemake causal judgments fromsound,

weighing alternate causal possibilities of sound sources (Ballas, 1993;

Bronkhorst & Houtgast, 1999; Lemaitre & Heller, 2012), and linking

acoustic input to a rich representationof events in theworld (Cusimano

et al., 2018; Gerstenberg et al., 2018; Traer et al., 2021). By adult-

hood, acoustic properties provide nuanced information about objects’

shape, size, and texture (Grassi, 2005; Kunkler-Peck & Turvey, 2000;

Lederman, 1979).

One category of sounds that people make unexpectedly accurate

sound source judgments from is sounds produced by liquids (Spence

& Wang, 2015). For example, people can use sound alone to judge

the freshness of beverages (Roque et al., 2018), can hear subtle dif-

ferences in the levels of carbonation in sparkling water (Zampini

& Spence, 2005), and can hear wetness, such that a sound syn-

chronously presented with tactile stimulation impacts whether the

touch was felt as wet or dry (Jousmäki & Hari, 1998). People can

also estimate relative differences in viscosity from the sounds of

different types of milk being poured, and use this perceptual input

to make useful inferences, such as which milk will make them feel

fuller (Pellegrino et al., 2019). Last, most relevant to the current

work, people can hear water temperature: Adults can accurately judge

the temperature of water simply from the sound of it being poured

(Velasco et al., 2013; for a demo, see https://osf.io/brp2a/?view_only=

7f49783ebbf646b29af32ca645246f57). In order to judge tempera-

ture from the sounds of liquids, adults appear to use their sensitivity

to subtle temperature-related changes in the pouring sound, caused

by differences in the liquids’ viscosity, the rate of air bubble vibrations,

and the splashpattern at different temperatures (Gutmann&Simmons,

1952; Guyot et al., 2017; Parthasarathy &Chhapgar, 1955).

Judgments of temperature, wetness, or freshness from sound form

a specific kind of sound source identification (Lutfi, 2008). In making

these nuanced judgments, people are mapping the auditory stimulus

to a multimodal concept or category (Murphy, 2004), often one with

salient tactile features (e.g., wet, hot vs. cold). How do such nuanced

auditory perception abilities develop? To what extent are these cross-

modal mappings present from early infancy or birth, versus a product

of protracted maturation and learning over childhood? For auditory

perception of liquid materials, previous work has repeatedly raised

the question of development, and the relative contributions of innate

factors, maturation, and learning (Merrick & Filingeri, 2019; Spence,

2020).However, developmental data havenot previously beenbrought

to bear on this question.

Here we ask whether nuanced auditory perception of water tem-

perature emerges early in life, or whether this ability emerges later

in childhood, as a process of more protracted developmental change.

These developmental questions are important: If children fail to detect

subtle auditory information, this would have strong potential to impact

everyday decisions, including both mundane activities, like avoiding

spills from the sound of filling a bottle (Cabe & Pittenger, 2000), and

also high-stakes decisions. For example, young children (in contrast

with adults) show difficulty detecting and localizing an approaching

vehicle using subtle auditory cues, with implications for their ability to

cross the street safely (Barton et al., 2013; Pfeffer & Barnecutt, 1996).

If young children also fail to hear water temperature, this would sug-

gest amore general difficulty perceiving nuanced auditory information

early in life.

1.1 Reasons to predict early emergence

The ability to hear water temperature could plausibly be present from

extremely early in infancy. This prediction is motivated in part by

evidenceof infants’ early abilities toperceive and learn crossmodal cor-

respondences, and to integrate information across senses. The ability

to hearwater temperature involves linking sounds to thermal features,

which are typically perceived through the tactile modality (thermo-

reception; Zhang, 2015). As such, the ability may involve crossmodal

correspondence, matching a sensory feature in one modality with a

feature in another sensorymodality (Spence, 2011).

Several developmental experiments have suggested that infants

comprehend complex crossmodal correspondences extremely early in

infancy. For example, infants less than 1 month old who had only felt

the texture of an object were later able to recognize it through sight

alone (Gottfried et al., 1977; Meltzoff & Borton, 1979; but see Mau-

rer et al., 1999). Similarly, newborns were found to visually recognize

the shape of an object they had held, but not seen; though this effect

appeared only for the right hand (Streri &Gentaz, 2003, 2004). If these

accounts are correct, then minimal experience and maturation may be

required inorder to recognize a feature (suchas temperature) via anew

or unusual modality (such as sound).

The ability to hear water temperature may also depend on multi-

sensory integration, the ability to combine inputs from two or more

senses (Stein et al., 2014). Human perception of another liquid quality,

wetness, similarly occurs throughmultisensory integration of informa-

tion from thermal and tactile input together with information from
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sound and vision (Merrick & Filingeri, 2019). Many aspects of multi-

sensory integration develop in infancy (Bahrick& Lickliter, 2000; Kopp,

2014; Lewkowicz, 1992), and experience with crossmodal input in the

first months of life is needed for typical development (Putzar et al.,

2007; Wallace et al., 2004). Auditory information is also dominant in

infants’ intermodal processing in some contexts (Robinson & Slout-

sky, 2010). Even in infancy, stimuli presented in one modality interfere

with or facilitate the processing of stimuli in other modalities, showing

that the modalities are not processed entirely independently (Robin-

son & Sloutsky, 2010). By 4 months of age, infants expect to hear a

sound when they see an impact, such as a bouncing ball (Spelke, 1976,

1979), match speech sounds to a face moving in ways needed to pro-

duce that sound (Kuhl & Meltzoff, 1982), and map speech sounds to

visual shapes with specific properties, in the same manner as adults

(the “bouba/kiki” effect; Ozturk et al., 2013). Infants also link sounds

to locations in space: Newborn infants visually orient to the location of

a sound (Morrongiello et al., 1991, 1994), and by 4 months infants use

such perceptual information to meaningfully guide their actions, such

as pushing backward in response to looming sounds as if to avoid an

approaching object (Freiberg et al., 2001; Neuhoff, 2018). If the ability

to hear water temperature depends on these foundational multisen-

sory integration abilities, the abilitywould be expected to emerge early

in life, and be present in early childhood.

There is also strong potential for natural selection for nuanced

auditory perception and comprehension, due to the adaptive value of

auditory information. Auditory information provides a uniquely valu-

able source of information about the world: Properties of sound allow

it to provide information even in darkness, through water and ground,

around corners, and even when the eyes are closed or directed else-

where (Horowitz, 2012). This adaptive value may have resulted in

natural selection for a suite of abilities tomake subtle judgments about

the world from sound, which could result in earlier development.

The perception of liquids may hold specific adaptive value: For

example, the ability to perceive wetness is thought to have evolved

repeatedly in multiple species, due to its value when selecting appro-

priate habitats and ensuring physical health (Merrick&Filingeri, 2019).

As the accurate manipulation of liquids at particular temperatures is

crucial to fundamental human activities (e.g., cooking, washing), accu-

rate perception of other liquid features may have adaptive value as

well. The sounds of pouring of hot and cold liquids into containers

have been part of the acoustic environment of humans since at least

20,000 years ago, with the use of pottery to cook, store, and pour

liquids (Wu et al., 2012), and potentially earlier through the use of nat-

ural containers (dried bottle gourds as cups; e.g., Nwokolo, 1996). This

timescale is long enough to seebiological change throughnatural selec-

tion in response to these cultural innovations (Cochran & Harpending,

2009; Henrich&McElreath, 2007;Wrangham, 2009). For example, the

relevant crossmodal associations may have been prepared by natural

selection, making them faster and easier to learn (prepared learning;

Dunlap & Stephens, 2014; Garcia & Koelling, 1966). Similarly, recent

literature on crossmodal associations has found that some are more

easily learned than others, particularly those that appear to be based

on relationships consistently found in nature (Shams & Seitz, 2008).

While testing this account is beyond the scope of the current paper,

these evolutionary considerationsmotivate theprediction that hearing

water temperaturemay emerge early in development.

1.2 Reasons to predict later emergence

While it is therefore possible that the ability to hearwater temperature

could be present from early in life, other factors motivate the predic-

tion that this ability may emerge much later in childhood. Some other

nuanced sound source judgements develop late: Children aged 5–9

years show extremely poor detection and localization of approaching

vehicles using sound (Barton et al., 2013; Pfeffer & Barnecutt, 1996),

with performance improving somewhat by age 11 years (Pfeffer &

Barnecutt, 1996).

Substantial relevant experience may be needed for more nuanced

aspects of sound source identification. Theories of sound source iden-

tification have hypothesized that it develops through a protracted

process of learning (e.g., Gaver, 1993a, 1993b). By these theories,

people accumulate experience with various events (pouring, striking,

splashing) involving various materials (liquids, metal, wood), and learn

to associate the acoustic features of each event with other aspects of

the relevant experiences. These learned associations may then form

a foundation for rational inferences about the causes of sounds (e.g.,

Cusimano et al., 2018; Shams & Beierholm, 2010; Traer et al., 2021).

There is substantial evidence that experience plays a role in sound

source identification: Listeners can use auditory experience to build

statistical summary representations of different sound sources (Dean

et al., 2005;Młynarski &McDermott, 2018); and use these representa-

tions to categorizenewsounds and infer theperceptual continuationof

a sound that is interrupted by noise (McDermott et al., 2013; McWal-

ter &McDermott, 2019). Adults are also able to form new associations

across arbitrary crossmodal inputs with training (Ernst, 2007; Hidaka

et al., 2015; Seitz et al., 2007; Spence, 2011). If this kind of associative

learning of crossmodal correspondences is the basis for nuanced sound

source judgements, then experience with the relevant stimuli, in the

relevant sensory modalities, may be necessary. If so, children may not

beable todetectwater temperature fromsoundsuntil theyhavedirect,

multimodal experience of both hot and cold water pouring events.

Multimodal integration also continues to develop throughout

childhood, in ways that could impact the ability to judge temperature

from sound. In particular, prior to 8 years of age, children show notable

failure to integrate multimodal input, across multiple tasks including

shape discrimination, spatial localization, and detection of visual–

auditory events (Barutchu et al., 2009; Gori et al., 2008; Nardini et al.,

2008). For example, children below 8 years fail to integrate tactile

information with information from other modalities (vision), with one

or the other sense dominating decisions (Gori et al., 2008). Evenwithin

a single sensory modality (vision), children fail to integrate multiple

cues, such that certain aspects of sensory integration (sensory fusion,

optimal uncertainty reduction) are not present at 6 years of age and

are not adultlike until approximately 12 years of age (Nardini et al.,

2010). These data suggest that if hearing water temperature depends
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on having an integrated, multimodal representation of the pouring

event, then childrenmay fail until later childhood.

Last, it is possible that young children fail to hearwater temperature

because they cannot hear the relevant auditory features. Perception

of water temperature from sound appears to depend on the rela-

tive loudness of frequencies in the 200 Hz and 5–6 kHz range: When

the loudness of these frequencies was artificially manipulated, partic-

ipants judged pouring sounds to involve warmer water when higher

frequencies (5–6 kHz) were reduced, and lower frequencies (approx.

200 Hz) amplified. Similarly, participants judged pouring sounds to

involve colder water when the 5–6 kHz range of frequencies were

amplified, and the∼200Hz range reduced (Velascoet al., 2013; see also

Wang & Spence, 2017).

There is evidence of developmental change in children’s audi-

tory sensitivity over childhood, and particularly for perception of the

frequency ranges relevant to hearing water temperature. Auditory

processing is not fully adult-like until 10–12 years of age (Fior, 1972;

Moore et al., 2011; Saffran et al., 2006; Stollman et al., 2004), and

notable improvement in low frequency discrimination is seen from 4

to 6 years of age (Jensen & Neff, 1993; Maxon & Hochberg, 1982).

Children’s ability to perceive auditory frequencies may be particularly

poor at the ranges necessary to hear water temperature: In a study of

children aged 4–12 years, children’s auditory sensitivity followed an

invertedU-shaped curve, with poor sensitivity at low frequencies close

to 200 Hz (250–500 Hz), highest sensitivity at middle frequencies,

and lower sensitivity at high frequencies including the relevant 5–

6 kHz range (4–8 kHz; Maxon & Hochberg, 1982). Children’s auditory

sensitivity also improved with age, with 12 year olds showing sensi-

tivity similar to adults’ (Maxon & Hochberg, 1982). If childrens’ lower

auditory sensitivity prevents them from hearing the relevant auditory

information, children may not be able to hear water temperature until

later in childhood, potentially between 6 and 12 years of age.

1.3 The current studies

In this paper, we therefore test whether the ability to hear water tem-

perature develops early in life, or has a protracted developmental time

course. In doing so,weaim to constrain developmental theories regard-

ing whether early-developing aspects of perception and cognition

are sufficient to support nuanced auditory sound source judgements,

versus whether extensive relevant experience and/or maturation is

needed.We first replicate findings of adults’ ability to hear water tem-

perature, and test whether adults often lack awareness of this ability,

as anecdotally reported. We ask whether adults’ varied levels of expe-

rience with relevant events (hot and cold liquid pouring) predict their

accuracy in the task (Experiment 1, pre-registered). Second, we char-

acterize the development of this ability in childhood, testing children

across a wide range of ages (3–11 years). This age range was selected

to begin at an age at which children typically understand and produce

words about temperature concepts, such as “hot” and “cold” (Luce &

Callanan, 2020), and have many foundational abilities at multimodal

integration and crossmodal correspondence (Lewkowicz, 1992; Melt-

zoff & Borton, 1979). The upper end of the age range extended to

an age at which children have nearly adult-like auditory sensitivity

(e.g.,Maxon&Hochberg, 1982), improvedmultimodal integration (Gori

et al., 2008), and improved performance at another nuanced sound

source judgment (perception of moving vehicles; Pfeffer & Barnecutt,

1996). We replicate our developmental findings across two samples

andmethods (Experiments. 2, 3; Experiment 3 pre-registered).

If hearing water temperature requires only minimal experience and

maturation, likemore foundational aspects of sound source judgments,

then children of all ages in this range should succeed at differentiating

hot and cold pouring events from sound alone (comprehension checks

ensured that children understood the task, and the concepts of hot and

cold). If instead more protracted experience or maturation is needed,

then young children may fail to distinguish the sound of hot versus

cold water, succeeding only later in childhood. If so, this would inform

developmental theories regarding the development ofmature auditory

event perception, and test the hypothesis that young children may not

be sensitive to nuanced auditory information that adults easily detect.

Stimuli, methods, data, and supplemental methods and results

for all experiments can be found in an OSF repository at the

following link: https://osf.io/brp2a/?view_only=7f49783ebbf646

b29af32ca645246f57.

2 EXPERIMENT 1

2.1 Method

2.1.1 Participants

As preregistered (https://aspredicted.org/RJR_COQ), based on a

power analysis (see OSF Supplement), N = 280 undergraduates at a

large public university in Southern California participated in an online

study in exchange for course credit (Mean age = 21.5 years; SD = 1.9

years; 212 female). Additional participants were tested but their data

were excluded based on preregistered exclusion criteria: Having some

form of hearing loss (n = 15); Self-reporting not using headphones to

listen to the sounds, despite being instructed to do so (n = 17). The

experiment received ethics approval from the Institutional Review

Board at the university where the work was conducted (protocol

161172), and written consent was obtained from participants.

2.1.2 Stimuli

All acoustic stimuli were professional recordings of water pouring

events, as used in previous work (Velasco et al., 2013; provided by the

first author). Each sound was a 5-second-long pouring event, of either

hot or cold water being poured into a cup (Figure 1). The only vari-

able manipulated was the temperature of the water, with the pitcher,

cup, height/speed of pouring, and quantity of water kept the same. Hot

water was 180–183◦F, and cold water was 43–46◦F. The recordings

involved pouring the same amount of water (20 ml) from the same
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F IGURE 1 Sample spectrogram of acoustic stimuli. Spectrograms of hot (a) versus cold (b) water being poured from the same height at the

same rate into the same glass cup. The x-axis represents time in seconds; y-axis is acoustic frequency in Hz. Darker parts of the spectrogrammean

higher energy densities, lighter parts mean lower energy densities.

height (10 cm) at the same flow rate (40 ml/s). One pair of sounds (hot,

cold) was created for four different cups, each of a different material

(paper, plastic, porcelain, and glass). This resulted in a total of eight

stimulus items, or four pairs, presented across eight unique trials.

2.1.3 Design

As preregistered, participants each completed 32 trials (eight unique

trials, four times each); this number of trials was selected based on

previous work on adults’ similar judgements (Velasco et al., 2013;

Experiment 1). On each trial, participants heard one pouring sound

(either hot or cold water being poured into one of four cups), and

were asked to identify whether the sound was hot or cold water

using a forced-choice radio button format. The order of each question

(whether “hot” or “cold” was queried first) was counterbalanced across

participants and the overall order of trials was randomized. Statistical

analyses were conducted at an alpha level of 0.05.

2.1.4 Procedure

Participants completed the task online, in their own homes, on a com-

puter web-browser (mobile devices were not allowed) using Qualtrics

survey software. They were instructed to use headphones and do the

study in a quiet room. Participantswere told that theywould be judging

whetherwater being pouredwas hot or cold, from the sound of it being

poured. Before the task, participants judged whether they expected to

be able to hear water temperature, on a 5-point confidence scale from

−2 to+2 (“Very confident that I cannot do this task” to “Very confident

that I can do this task”), and completed a brief sound check.

Each trial was then presented on a separate page, and consisted of

a prompt to listen to a sound, followed by a question: “Was the sound

hot or coldwater?” Participants could listen to the sound asmany times

as they liked before making their choice and clicking to move on to the

next trial.

After completing all 32 trials, participants filledout a surveymeasur-

ing their levels of experience with relevant sounds. Items were based

on previously established measures of beverage intake (Hedrick et al.,

2010), modified to ask specifically about acoustic experience. Items

were: “Number of [hot/cold] drinks you hear being prepared/made

per week”; “Number of [hot/cold] drinks you consume per week”; “Do

you enjoy [hot/cold] beverages?”; and “Do you consider yourself to be

someone who never/rarely drinks [hot/cold] drinks?” These were our

main quantitative measures of adults’ past experience with relevant

pouring sounds.

Participants then answered two free-response questions about the

listening strategies they used during the task, and about their past
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F IGURE 2 Histogram of adult accuracy in hearing water temperature (Experiment 1). Participants were significantly better than chance at

judging the temperature of water from the sound of it being poured. The x-axis shows the number of correct responses, out of 32 trials per

participant; chance is 16/32. Each trial required participants to identify whether a single sound stimulus was hot versus cold water. The blue

vertical line shows themean accuracy.

experiences with the sounds of hot/cold liquids being poured. Qual-

itative data from these questions were not formally analyzed, but

were examined by the researcher to provide context for the quan-

titative measures above. Last, participants were asked if they used

headphones, and were told that their answer would not affect their

participation credit (to encourage honesty). The study concluded with

a brief demographics section, followed by a debriefing if requested.

2.2 Results

Accuracy on this taskwas high: Participants were correct on 72.10%of

trials (23/32; SD= 3.66), and significantly above chance (t(279)= 32.3,

p < 0.001, Cohen’s d = 1.93, t-test vs. 50%; Figure 2), in line with

previous findings (accuracy of 72.5%, Velasco et al., 2013). This high

accuracy contrasted with participants’ predictions before starting the

task: 34.6% of participants were not confident in their abilities, and a

further 11.4% were confident that they would fail at the task. These

individuals still had high accuracy, statistically equivalent to the rest of

the sample (Not confident: M= 70.6%, SD= 4.21, t(157.79)=−1.60, p

= 0.11; Confident in failing: M = 70.7%, SD = 3.00, t(46.60)= −1.35, p

= 0.18; two sample two-tailed t test vs. participants who were at least

somewhat confident in their abilities).

As pre-registered, we modeled the data using a logistic regression.

The full model predicted accuracy on each trial (“correct” vs. “incor-

rect”) with the predictors of cup material (paper, plastic, porcelain,

glass) as a fixed effect, and both trial number (1–32) and subject as ran-

dom effects. Nested model comparisons revealed a significant effect

of cup material, such that stimuli created with certain cup materials

weremore challenging thanothers (χ2(3)=347.0, p<0.001;Meanpro-

portion correct: Plastic 59.8%, SD = 17.4%; Paper 70.0%, SD = 19.4%;

Porcelain 74.9%, SD = 20.2%; Glass 83.6%, SD = 17.3%). There was no

significant effect of trial number; that is, performance did not signifi-

cantly change over the course of the session (χ2(1) = 3.46, p = 0.063).

There were individual differences in performance (χ2(1) = 109.7, p

< 0.001), such that some participants weremore accurate than others.

In a post-hoc exploratory analysis, we asked whether performance

on this task differed based on how much experience adult partici-

pants had with the sounds of hot and cold liquids being poured. We

aimed to treat the amount of relevant experience as a continuousmea-

sure, rather than binning participants into groups (which would likely

decrease power, see below). We found that both of our continuous

measures of relevant experience significantly predicted accuracy at

hearing water temperature, with a small effect size: Participant accu-

racy was positively correlated with the total number of hot and cold

drinks participants consumed per week (Pearson r= 0.163, p= 0.006),

as well as the number of times they heard hot or cold liquids being

poured per week (r= 0.220, p< 0.001).

In our preregistration, we also mentioned a further exploratory

analysis, which we therefore include here. For this analysis, we binned

participants into low-experience and typical-experience groups based

on a binary measure: Whether participants identified as rarely/never
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drinking hot or cold beverages; or not (seeOSFSupplement for details).

The low-experience participants performedmarginally worse than the

rest of the sample (Typical-experience group, n= 168: Mean trials cor-

rect = 23.41/32, SD = 3.53; Low-experience group, n = 112: Mean

trials correct = 22.54/32, SD = 3.80; t(226.1) = 1.921, p = 0.056,

Cohen’s d=0.238, two-tailed two sample t-test). However, evenwithin

each of the two bins, subjects substantially differed in the extent to

which they had relevant experience. This was apparent in continuous

measures: For both the typical- and low-experience groups, the num-

ber of times participants heard hot or cold liquids poured per week

included the entire range of possible answers, and 17.9% of people in

the low-experiencegroup still heardhot/colddrinksbeingpouredmore

than twice a day. Because this binned analysis does not account for

these differences in experience within each group, it likely has lower

statistical power than the analyses of continuousmeasures (above).

3 EXPERIMENT 2

Data from Experiment 1 thus show that adults can hear water temper-

ature, in spite of being often unaware or uncertain of this ability; and

suggest a possible role of experience with relevant acoustic events on

adult accuracy.While the effect of experience was relatively small, this

may result froma ceiling effect: By adulthood, everyonehas likely accu-

mulated substantial experiencewith relevant pouring sounds.We next

aimed to test children, a population with substantially lesser experi-

ence and maturation. To allow for detection of either early-developing

or later-developing abilities, we tested children across a wide range

of ages (3–11 years; see Introduction for predictions motivating this

range). We replicated our findings across two samples and methods

(Experiments 2, 3).

In order to make our task feasible for both younger and older chil-

dren, we switched from an identification task with only one stimulus

(as in Experiment 1) to an easier two-alternative forced-choice task

(MacMillan & Creelman, 2005). To compare children’s performance

to adults’ performance on the same task, we collected an additional

adult sample using this new method, pre-registered at: http://aspr

edicted.org/blind.php?x=pp29ys. We also ensured that all children in

our samples understood the concepts of “hot” and “cold” (i.e., accu-

rately identified images of hot and cold stimuli), and understood the

task itself (i.e., accurately identified other, non-pouring sounds using

the samemethod).

3.1 Method

3.1.1 Participants

N = 113 children from the San Diego metro area and N = 104 under-

graduate students from a large public university in Southern California

participated. Children were recruited from a database of local fami-

lies interested in research, and from local preschools. Children ranged

from age 3–11 years (3 years, 0 months—11 years, 7 months; Mean

age = 5.83 years; 46 female), and were tested by convenience within

this range (see Figure 5 for age distribution). An additional 23 children

were tested, but their data were excluded according to a priori exclu-

sion criteria: Answering one or more pre-test questions incorrectly

(n= 22;Mean age= 4.17 years); having participated previously (n= 1).

In our adult sample, N = 104 undergraduate students (Mean

age=21.30years; SD=2.32years; 75 female) participated in exchange

for course credit. Five additional participants were tested but their

datawere excluded based on pre-registered criteria: Answering before

or without listening to the audio stimuli (n= 3); technical difficulties in

presentation (n= 2).

The experiments received ethics approval from the Institutional

Review Board (protocols 161173 and 161272). Written consent

was obtained from adult participants and from children’s par-

ents/guardians, and verbal assent was obtained from children.

3.1.2 Stimuli

Acoustic stimuli were the sounds of hot and cold water being poured,

from Experiment 1. Adults heard all four pairs of sounds (the different

cup materials). Children performed one trial, with one pair of stim-

uli: the sounds of hot/cold water poured into a glass cup. Additional

pre-test trials with children consisted of two animal sounds (a cow

mooing, a dog barking); and cartoon images of hot and cold scenes (a

sunny desert; a snowy scene) and hot and cold drinks (iced lemonade; a

steamingmug; See Figure 3).

3.1.3 Design

Each child completed one test trial. The task was shortened to a sin-

gle trial to minimize inattention: This was the first developmental

study with these stimuli, and we were uncertain how engaged children

would be in a longer version of the task. The order of presentation of

hot/cold sounds (and the right/left location of the corresponding icons

on the screen) was counterbalanced across participants. During pre-

test trials, the question order, order of sounds, and position of images

on-screenwas counterbalanced across participants.

Adult participants each completed 32 trials (four unique trials, eight

times each). The order of trials (i.e., the cup materials) was random-

ized, except for the first four trialswhichoccurred in a counterbalanced

order (thus, the first four trials always included all four cup materials).

The order of questions (i.e., whether “hot” or “cold” was queried first)

was counterbalanced across participants. The order of the sounds (i.e.,

whether hot or cold was played first) was randomized.

For both adults and children, sounds were presented over head-

phones, and the experimenter was unaware of which sound was the

correct answer.

3.1.4 Procedure

Children were tested individually in the lab or at local preschools, in

a quiet room seated at a child-size table across from an experimenter.
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8 of 16 AGRAWAL AND SCHACHNER

F IGURE 3 Overview of study procedure usedwith children (Experiment 2) (a) Participants first completed a pretest where they identified

common animal sounds using the same iPad interface as themain task (to confirm that they could use this interface to identify sounds), and

identified hot and cold images (to confirm that they understood the concepts of “hot” and “cold”). (b) Next, in themain task, they completed one

trial involving hearing two sounds (one of hot water pouring and the other of cold water pouring; order counterbalanced) and thenwere asked to

identify which soundwas hot water andwhich was cold water, after both sounds had been presented (verbally or by pointing).

Sounds were presented via high quality headphones (MPOW 059

Bluetooth Headphones). The study was conducted on an iPad, with

stimuli presented using Keynote, controlled by the experimenter via

a remote control (with touchscreen disabled to prevent children from

accidentally advancing the slides).

Three pre-test trials tested whether children understood the task,

could identify other (non-pouring) sounds, and recognized concepts of

hot and cold (see Figure 3a). Children were first asked to identify com-

mon animal sounds, using a similar procedure to the main task. The

screen displayed two circles numbered1 and2; each corresponded to a

sound by pulsing slightly as the sound played. Children listened to two

animal sounds andwere asked two questions: “Which one sounded like

a [cow/dog], the first one or the second one?” Participants were then

presented with two pictures of hot and cold scenes side by side, and

asked: “Which of these pictures is somewhere [hot/cold]?” Last, partic-

ipants were shown two pictures of hot and cold beverages, and asked

“Which of these is a [cold/hot] drink?”

Childrenwere then instructed that theywould hear two sounds, one

of hotwater being poured and the other coldwater, using the same for-

mat as the pre-test trials (see Figure 3b). After hearing both sounds,

childrenwereasked if theywanted tohear themagain, and stimuliwere

replayed if requested. Childrenwere then asked twoquestions: “Which

one sounded like [hot/cold]water, the first soundor the second sound?”

Adult participants completed the task in the lab in a web-browser

on an iMac desktop computer, using high-quality headphones (Bose

QuietComfort 25) and Qualtrics survey software. Participants were

instructed that they would be judging whether water being poured

was hot or cold, from the sound of it being poured; and that every

trial would include one hot and one cold sound. Each trial was pre-

sentedona separatepage, and consistedof aprompt to listen toeachof

two sounds, followed by two questions: “Which of the sounds was hot

water? (1, 2)” and “Which of the sounds was cold water? (1, 2).” Partici-

pants could listen to the clips asmany times as they liked beforemaking

their choices, and clicking tomove on to the next trial. All other aspects

of the procedure with adults remained the same as in Experiment 1.

3.2 Results

To test for developmental change in children’s accuracy in hear-

ing water temperature, we conducted a logistic regression, pre-

dicting accuracy based on age (Figure 4). Participants’ age signifi-

cantly predicted their accuracy in identifying the sound of hot and

cold water (Nested logistic model comparisons, Likelihood ratio test,

χ2(1) = 12.91, p < 0.001), such that the odds of succeeding on the task

increased by 1.51 (p = 0.0016) for every year of age. Notably, chil-

dren aged 5 and under performed at chance, in spite of our testing a

substantial sample of 4- and 5-year-olds (79 children; 36/79 or 45.7%

children correct, p = 0.499). In contrast, 85% of children age 6 and

older answered correctly (29/34 children age 6+, p < 0.001, Cohen’s

h = 0.784; Figures 4 and 5). Crucially, younger children’s failure was

not due to lack of understanding of the task: To be included in the final

sample, children had to successfully use a similarmethod to distinguish

other sounds, and to categorize visual images of beverages and scenes

as hot versus cold.

Adult participants were accurate on 93.0% of trials (29.8/32,

SD = 2.78), performing significantly above chance, t(103) = 107.4,

p < 0.001, Cohen’s d = 10.53, t-test versus chance of 50%. For the
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F IGURE 4 Developmental change in children’s ability to hear water temperature (Experiment 2). Each dot represents one child’s response,

which was either correct (top of the figure) or incorrect (bottom of the figure). The blue line indicates the predicted probability of a correct

response as a function of age (logistic regression; gray represents 95% confidence intervals). The red dot with its corresponding standard error

bars represents adults’ percent correct. Chance performance is represented by the dashed black line.

F IGURE 5 Accuracy and sample size by year of age (Experiment 2). Children under the age of 6 performed at chance, while older children

succeeded. The overall height of each bar shows the number of children tested in each age group; 4 and 5 year-olds performed at chance in spite of

a large sample of participants tested at these ages.
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10 of 16 AGRAWAL AND SCHACHNER

purposes of comparison to the child data, we calculated adults’ per-

formance on their first trial with the glass cup stimuli (since children

completed one trial with this stimulus pair). 95.2% (99/104) of adult

participants succeeded at this trial, an accuracy similar to the pre-

dicted accuracy (from the logistic fit) of the oldest children tested

(11-year-olds, predicted accuracy 92.4%; see Figure 4). We note that

adult accuracy on this task was higher than in Experiment 1. This

is as expected, due the change to a two-alternative forced choice

discrimination task (MacMillan & Creelman, 2005).

4 EXPERIMENT 3

Data fromExperiment 2 suggest that unlikemany foundational aspects

of auditory event perception and multimodal integration, the ability to

judge the temperature of liquids from sound develops in a protracted

manner, emerging inmiddle childhood. Here, we aimed to replicate and

extend this finding in a pre-registered study. We observed that adults

in Experiment 2 tended tomark a preliminary answer after hearing the

first sound, potentially loweringworkingmemory load. To testwhether

this task difference explained children’s lower performance, here we

similarly allowed children tomark preliminary answers.We conducted

four trials per child, using four unique stimulus pairs (pouring into four

different cup materials) in order to increase power and test whether

children’s abilitiesweredue to anyunique featureof the single stimulus

pair used in Experiment 2. Last, we asked whether 6-year-old children

would again be the first to succeed; in Experiment 2, the sample had

few 6-year-old participants, leaving some uncertainty regarding the

first age of robust success.1

Our methods and analyses were pre-registered at:

https://aspredicted.org/blind.php?x=/MOB_XPW. As a result of

University-wide and state-mandated COVID-19 protocols, we were

forced to deviate from our pre-registered data collection plan, by stop-

ping data collection with a partial sample of 4- to 6-year-old children.

Our pre-registration specified that if 6-year-old children performed at

chance, data from older children would be collected. During in-person

data collection, a convenience sample of older children (7–11 years)

had also been tested (see OSF Supplement). We therefore report

the data from this new sample of older children, in addition to the

pre-registered partial sample of 4- to 6-year-old children.We expected

to observe developmental change (as in Experiment 2), such that older

children but not younger children would succeed at hearing water

temperature.

4.1 Method

4.1.1 Participants

N = 65 children from the San Diego metro area participated in the

lab or at local preschools. Children ranged from age 4 to 11 years

(Pre-registered sample of 4- to 6-year-olds: N = 23, Mean age = 5.71

years, Range = 4 years 5 months–6 years 8 months, 13 female; n = 4

4-year-olds, n = 11 5-year-olds, n = 8 6-year-olds; Additional older

sample: N = 42, Mean age = 9.16 years, Range = 7 years 1 month–

11 years 11 months, 22 female; n = 12 7-year-olds, n = 8 8-year-olds,

n = 10 9-year-olds, n = 5 10-year-olds, n = 7 11-year-olds). An

additional 14 participants were tested, but their data were excluded

according to a priori exclusion criteria: Answering one or more pre-

test questions incorrectly (n = 12, Mean age = 6.66 years); Technical

difficulties (n= 1); Having some form of hearing loss (n= 1). The exper-

iment received ethics approval from the Institutional Review Board

(protocol 161173). Written consent was obtained from children’s

parents/guardians, and verbal assent was obtained from children.

4.1.2 Stimuli

As pre-registered, acoustic stimuli were the sounds of hot and cold

water being poured into glass, plastic, paper, and porcelain cups, as in

Experiment1. Stimuli for pre-test trialswere the sameas inExperiment

2,with one additional pre-test trial depicting cartoon images of hot and

cold food (See Figure 6a) added to give childrenmore practice with the

method.

4.1.3 Design

Each participant completed four test trials, with the order of presen-

tation of hot/cold sounds counterbalanced across participants, and

the order of presentation of answer choices in the question (hot/cold)

also counterbalanced across participants. This number of trials allowed

for one trial for each unique pair of acoustic stimuli, while still main-

taining a short duration (allowing the task to be feasible for young

children). Participants also completed four pre-test trials with other

stimuli, during which the order of sounds and position of images was

also counterbalanced across participants. The study session lasted

approximately 4–8min.

4.1.4 Procedure

The procedure and materials used (Figure 6) were identical to those in

Experiment 2, except for the addition of tokens, which were used to

indicate answers (added to reduce memory load, by allowing children

tomark an intended answerwhile listening; seeOSF Supplement). Par-

ticipants were given two tokens: a blue, “COLD” token with a cartoon

picture of an icy cloudwrapped in a scarf, and a red, “HOT” tokenwith a

cartoon picture of the sun sweating in front of a fan. Participants were

told that theywould be decidingwhich of two thingswas hot andwhich

was cold, and that they would use the tokens to answer. They were

given a demonstration on how to answer, and told: “There’s a red token

that means Hot, and there’s a blue token, which means Cold. So, if you

think something is Hot, you put this Red one on top of it, like this; And

if you think something is Cold, you put down this Blue one on top of it.”

Participants then used the tokens as part of the pre-test and test trials.
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F IGURE 6 Overview of study procedure (Experiment 3). (a) As in Experiment 2, children first completed a series of pretest trials where they

identified hot and cold images, and common animal sounds using the same iPad interface as themain task. (b) In themain task, they completed four

trials, each involving a different pair of pouring sounds. Each trial involved hearing the two sounds (one of hot water pouring and the other of cold

water pouring; order counterbalanced) and identifying which soundwas hot versus cold water by placing the appropriate “hot” or “cold” token on

top of the first or second sound icon on the screen. Participants were encouraged to do this at any time during stimuli presentation.

For each of the test trials, as in Experiment 2, children saw two circles

corresponding to the sound of either hot or cold water being poured.

Theywere asked to identify whether each soundwas hot or cold water

(“Was this sound [cold] water, or [hot] water?”), by placing the appro-

priate tokens on top of the circles at any timewhile listening to the two

sounds. Verbal answers or pointing rarely occurred; in this case, chil-

dren were given a prompt to use the tokens to indicate their answers

instead.

4.2 Results

As pre-registered, we first analyzed data from 4-, 5-, and 6-year-olds.

A logistic regression, predicting children’s accuracy based on age as

a fixed effect, and cup material, trial order, and participant as ran-

dom effects revealed no significant effects. This group of participants,

overall, performed at chance levels (Mean score = 2.30/4 trials cor-

rect, SD = 1.11; t(22) = 1.32, p = 0.20; two-tailed t-test; 4-year-olds:

M= 2.25/4; 5-year-olds: M= 2.36/4; 6-year-olds: M= 2.25/4).

Following the intention of our pre-registration to test older children

in this case, we next analyzed data from children at all ages tested,

including those tested due to convenience from 7–11 years of age

(Figure 7). With this broader range of ages, participants’ age signif-

icantly predicted their accuracy in identifying the sound of hot and

cold water (Nested logistic model comparisons, Likelihood ratio test,

χ2(1) = 4.86, p = 0.028), such that for every additional year of age, the

odds of succeeding at the task increased by 1.233(p = 0.032). There

were no item effects of the four different stimuli pairs (χ2(1) = 2.13,

p= 0.145) nor effects of trial order (χ2(1)= 0, p= 1). Therewere signif-

icant individual differences in performance across children even after

accounting for effects of age (χ2(1)= 7.92, p= 0.005).

Overall, children aged 6 and under performed at chance (n = 23,

Mean score = 2.30/4, SD = 1.11, t(22) = 1.32, p = 0.20, compared to

chance score of 2). Again, this failure was not due to lack of under-

standing of the task or of the concepts of “hot” and “cold”; all children in

the sample accurately identified other hot and cold stimuli, and other

sounds, using the same method. In contrast, children aged 7 and older

performed significantly above chance (n = 42, Mean score = 2.93/4,

SD= 1.16, t(41)= 5.21, p< 0.001, Cohen’s d= 0.803).

5 GENERAL DISCUSSION

For adults, acoustic features provide rich and nuanced information

about objects and events in the world, including multiple properties

of liquids (Giordano, 2003; Spence & Wang, 2015). Here we find that

the ability to hear water temperature, which is robust in adults, is

not present in young children. Instead, this ability appears only in

middle-childhood, and develops in a protracted and gradual manner

over the first decade of life. Across two samples, adults and older

children (7–11 years) but not younger children (3–6 years) reliably

distinguished hot and cold water from the sound of pouring alone.

Accuracy increased with age, such that only the oldest children’s accu-

racy matched that of adults. Children’s abilities generalized across
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F IGURE 7 Developmental change in children’s ability to hear water temperature (Experiment 3). Each dot represents an individual response

(four responses per participant), which was either correct (on the top) or incorrect (on the bottom). The blue line indicates the probability of a

correct response as a function of age (logistic regression; gray represents 95% confidence intervals). Chance performance is represented by the

dashed black line.

multiple acoustic stimuli (pours into different material cups); and repli-

cated acrossmodifications of themethod tominimizeworkingmemory

load. Young children’s failure was specific: These children accurately

distinguished other sounds and hot/cold images in the same task. We

also found evidence of individual differences; at age 6 in particular,

some children succeeded (Experiment 2) but the ability was not yet

robust (Experiment 3). Last, we found individual differences in adult

abilities based on the amount of relevant experience (Experiment 1),

suggesting that age-related differences in children may be partially

driven by differing amounts of relevant experience.

Children are likely not consciously aware of limits to their percep-

tion of auditory events:We find that adults are often not aware of their

ability to hear water temperature (Experiment 1). Combined with lack

of awareness, children’s failure to detect nuanced auditory information

has potential to impact everyday decisions, as well as increase risks to

children’s safety. Overly hot beverages are among the most common

sources of burns requiring emergency care in children (Battle et al.,

2016; Kemp et al., 2014; Ramanathan et al., 1994). Inability to use the

sound of a pouring event to judge a beverages’ temperature may make

it more challenging for children to avoid overly hot beverages, poten-

tially contributing to the frequency of this common real-world injury in

childhood.

Children’s failures to hear water temperature may also be part of a

more general difficulty detecting and comprehending subtle auditory

information in early life. Young children of similar ages also show diffi-

culty using sound to detect and localize an approaching vehicle (Barton

et al., 2013; Pfeffer & Barnecutt, 1996). Children’s ability to identify

environmental sounds in challenging acoustic conditions (in the pres-

ence of noise) also improves from 7–12 years (Krishnan et al., 2013). In

contrast, children easily succeed at basic identification of familiar envi-

ronmental sounds under ideal listening conditions by5 years of age and

likely far earlier (e.g., the sounds of a bird, a baby, a vacuum; Finitzo-

Hieber et al., 1980; Liu et al., 2013). 4- to8-year-olds can also use sound

to make rational causal inferences about the presence and numerosity

of physical objects (e.g., shaking a box and listening to determine how

many objects are inside; Siegel et al., 2021). Our findings, togetherwith

these data, suggest that children’s sensitivity to, and their understand-

ing ofmore nuanced aspects of auditory eventsmaybe impoverished in

early life, in spite of their success at more coarse-grained sound source

judgements.

What explains young children’s inability to hear water temperature,

and the protracted development of this skill over childhood? Multiple

factors are likely to play a role, including the need for accumulation

of relevant experience to support this skill, developmental changes in

multisensory integration in middle-childhood, and changes to auditory

sensitivity over childhood.

First, our data suggest that substantial relevant experience may

be needed to hear water temperature. The experience-based indi-

vidual differences seen in adults’ accuracy (Experiment 1) suggests

that experience with the relevant stimuli, in the relevant sensory

modalities, may be necessary to hear water temperature. A lack of

relevant experience may contribute to young children’s failures as

well: Children may require direct, multimodal experience of both

hot and cold water pouring events. Sound source identification, and
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crossmodal correspondences more generally, may require protracted

accumulation of experience with the relevant events, supporting

learned associations between the acoustic features of each event

and other aspects of the relevant experiences (Gaver, 1993a, 1993b;

Hidaka et al., 2015; Spence, 2011; see also Piaget, 1954; Robinson

& Sloutsky, 2010). Infants’ early ability to use basic spatio-temporal

information to perceive crossmodal correspondences (e.g., linking

sound to an impact, or to a visual location; Spelke, 1979) may provide a

foundation for further learning of more nuanced multimodal features

of events over childhood.

In addition to theaccumulationof experiencewith age, developmen-

tal changes in multimodal integration abilities in middle childhoodmay

also contribute to the slow developmental trajectory of hearing water

temperature. From 6 to 12 years of age, children slowly become able

to integrate multiple sources of sensory information in adult-like ways

(Nardini et al., 2010). Children show notable failures at multimodal

integration prior to 8 years of age, including failing to integrate tac-

tile input with othermodalities (Barutchu et al., 2009; Gori et al., 2008;

Nardini et al., 2008). We find that children begin to succeed at hearing

water temperature by age7 years,with accuracy continuing to improve

until age 11, roughly aligning with these major changes in multimodal

integration abilities. This suggests that an integrated, multimodal rep-

resentation of the pouring eventmay not be present in a fully adult-like

form until middle-childhood, potentially limiting younger children’s

ability to connect a typically tactile feature (temperature) to sound.

Developmental changes in auditory sensitivity may also play a role:

Older children may be more able to hear the auditory frequencies that

hold information about water temperature versus younger children.

We find that children fail to hear water temperature before age 6–7

years. Hearing water temperature appears to depend on information

present in the 200 Hz and 5–6 kHz ranges of frequencies (Velasco

et al., 2013), and children’s auditory sensitivity to frequencies in this

range dramatically improves from age 4 to 6 (Jensen & Neff, 1993;

Maxon & Hochberg, 1982), reaching adult-like levels only by 10–12

years (Saffran et al., 2006)—the age at which children in our samples

perform as accurately as adults. Large individual differences have also

beenobserved in theauditoryprocessingabilities of4–6yearolds,with

some young children showing far higher ability than others (Jensen &

Neff, 1993; Moore et al., 2011). This could help explain variation in

performance in our dataset: Some children appeared to succeed at ∼6

years of age, while many others failed.

Last, children’s conceptual development may play some role,

although our tasks were designed to fit well even with younger chil-

dren’s levels of conceptual development. Over childhood, children’s

physical understanding of the nature of temperature, heat, and related

concepts becomes increasingly nuanced and scientifically-accurate,

shifting from viewing heat as a substance or property of objects, to

viewing heat as a process of transferring energy (Appleton, 1985; Luce

& Callanan, 2020; Shayer & Wylam, 1981). Our tasks did not require

children to think of heat as a process, but only to label stimuli as hot

or cold. This task is consistent with children’s early-developing theo-

ries of heat as a property, and even preschool-age children commonly

hear and use thewords “hot” and “cold” in parent-child conversation to

describe objects and substances (Luce & Callanan, 2020). Our compre-

hension questions confirmed that all children included in our sample

were able to accurately label visual stimuli as hot or cold. Thus, even

at preschool age, children’s conceptual understanding of temperature

appears sufficient to support categorization of stimuli as hot or cold.

However, it is possible that older children’s greater mechanistic under-

standing of the impact of heat on liquids may guide their attention to

relevant temperature-related differences in the sounds, such as the

sounds of steam or bubbles.

Overall, we find evidence that experience plays a role in adults’ abil-

ity to hearwater temperature, suggesting it is likely to play some role in

children’s performance aswell. The protracted development of hearing

water temperature is likely tobe theproduct ofmultiple factors, includ-

ing a lack of sufficient relevant experience, developmental change to

multimodal integration, and lower auditory sensitivity to the relevant

frequencies in childhood.

In order to tease apart the relative contributions of these factors,

we suggest testing the impact of training as a productive avenue for

future study. A training study could provide an informative means of

testingwhether relevant experience is sufficient to hearwater temper-

ature, or whether other factors are at play—and how this may differ

across developmental time. For example, using a pre- and post- test

design, children of various ages could be tested on their ability to hear

water temperature, aswell as their auditory sensitivity to different fre-

quencies, and multimodal integration abilities. Children who initially

fail to hear water temperature could then undergo a training proto-

col, observing several hot and cold water pouring events. A post-test

hearingwater temperature task could then determine if children’s per-

formance improved as a result of training (as compared to a control

group of children who did not get the relevant training). This proposed

study could be informative in many potential ways. For example, it

is possible that only children above some threshold of age or audi-

tory sensitivity are able to benefit from training. In this case, these

data would support the conclusion that experience as well as these

other factors plays a causal role in the development of nuanced audi-

tory sound source judgements. Alternatively, it is possible that even

for young children, experience with the relevant events is sufficient to

allow them to hear water temperature. This would suggest that chil-

dren’s limitations of auditory sensitivity and multimodal integration

may not contribute to early failures.
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ENDNOTE

1 In this experiment, we also collected preliminary data on children’s prior

exposure to hot/cold beverages by asking parents to complete a bever-

age survey similar to the one completed by adults in Experiment 1. This

was exploratory work, and was not preregistered. We ultimately had low

confidence in the accuracy of parents’ estimates. Incomplete data and ceil-

ing/floor effects also limited our power. These data and a summary of

findings are available online in our OSF Supplement.
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