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Tool use is primarily, but not exclusively, present in species with
otherwise advanced cognitive traits. However, the interaction
between such traits and conspecific inter-individual variation in
the presence, complexity, or intensity of tool use is far from being
established. We addressed this matter among human infants, seek-
ing factors that relate to differences in tool use. We examined, both
correlationally and experimentally, whether the propensity to
engage in object combinations predicts performance in means-
end problem-solving tasks involving or not involving the use of a
tool. We tested 71 infants aged 15, 18, 21, and 24 months, dividing
them into two subgroups: one exposed to an adult demonstrating
object-object combinations (i.e., “prompting” infants to combine
objects together) and another with comparable social exposure
but where the adult demonstrated single-object manipulations.
We found a correlation between the combined level of spontaneous
and prompted object combinations and problem-solving perfor-
mance regardless of the involvement of tools in the problem.
However, we did not find differences in tool-use performance
between the two demonstration subgroups. The correlational
analysis suggests that complexity of play, as measured by the fre-
quency of combining objects, is linked to infants’ problem-solving
skills rather than being specifically associated with tool use, as pre-

viously suggested in the literature.
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Introduction

Tool use has long been seen as a correlate of intelligence and “a royal road to the study of problem
solving” (Keen, 2011, p. 2). The study of the acquisition of tool-use competence attracts interest from
various disciplines such as developmental psychology (e.g., Dedk, 2014), comparative cognition (e.g.,
Meulman et al., 2013), neurosciences (e.g., Osiurak et al., 2018), and developmental robotics (e.g.,
Guerin et al., 2013). There is no doubt that all animal species in which tool use plays a role show
an intricate interaction among innate propensities, nervous system maturation, programmed recep-
tivity to ontogenetic experience, and individual contingencies, and for this reason the development
of tool-use competence remains only partly understood. Our aim was to contribute to the understand-
ing of some of these interactions in human infants.

The use of tools emerges in the second year of life (Lockman, 2000), beginning with tools that align
with infants’ everyday cultural exposure such as using spoons for self-feeding (Claxton et al., 2009;
Connolly & Dalgleish, 1989; Kaur et al., 2020, McCarty et al., 1999, 2001), using tools for hammering
(e.g., Kahrs et al., 2014; McCarty et al., 2001), and brushing hairs (McCarty et al., 2001). The ability to
solve means-end problems by using novel tools usually develops later, in the second half of the sec-
ond year of life. Means-end problem solving involves the execution of a planned sequence of actions
in order to achieve a goal (e.g., Babik et al., 2019; Willatts, 1999), and examples widely used in the
literature require the use of a rake, a stick, or a hook to bring an out-of-reach toy within reach when
the toy is initially separated in space from the tool (e.g., Bates et al., 1980; Brown, 1990; Fagard et al.,
2016; Rat-Fischer et al., 2012; van Leeuwen et al., 1994).

Several factors have been suggested to play a role in the developmental process leading to tool use
in infants, particularly sensorimotor and social experiences and the general maturation of cognitive
skills (Keen, 2011; Schubotz et al., 2023). We briefly review these three factors here. First, recent work
has highlighted that the way infants interact with objects and surfaces may shape the motor bases of
their tool use (see reviews by Lockman, 2000; Lockman & Kahrs, 2017; Needham, 2016; Schubotz
et al., 2023). Learning about objects’ affordance is a crucial aspect of this development (we use affor-
dance in the sense introduced by Gibson (1966, 1979) to address an agent’s possibilities for physical
interactions with objects in the environment, thereby being a joint property of subject and object). By
interacting with objects, infants learn to perform actions that efficiently alter the relation of objects
with their environment and other objects, ultimately gaining competences that are part of being com-
petent with tools (Lockman, 2000; Lockman & Kahrs, 2017; Needham, 2016; Schubotz et al., 2023).
Second, social interactions affect infants’ action repertoires and consequently their understanding of
actions’ consequences. This is probably why direct demonstrations, scaffolding, and repeated passive
observations of tool-use events during development have observable effects on the onset of tool use
(e.g., Elsner, 2007, 2009; Esseily et al., 2013, 2015; Somogyi & Esseily, 2014). Finally, a third main fac-
tor is the development of infants’ general cognitive capacities. As cognitive capacities mature over the
first 2 years of life, infants gradually develop the ability to reason and to form representations relevant
for tool use, in particular the ability to notice, remember, and abstractly generalize different types of
object functions (Dedk, 2014). As specified by Deak (2014), the term function employed here is more
advanced than the term affordance proposed by Gibson (1966, 1979) in that it implies an instrumental
object use codified by culture or habit.

The main epistemic challenge to disentangle the extent to which social interactions, sensorimotor
experience, and cognitive maturation contribute to the development of tool use is the ethical impos-
sibility of devising developmental experiments in humans, which would involve selectively depriving
or enriching infants’ experience just to assess different factors’ contribution to the emergence of tool
use. One alternative, however, is conducting correlational analyses of individual differences in the tim-
ing of competences. This can be supplemented with short-term mild interventions that may help to
uncover causal links between different aspects of experience and performance. The current study used
both approaches to investigate tool-use development over infants’ second year of life, focusing on
their experience with objects while controlling, to some extent, for cognitive and social factors. More
specifically, we focused on how infants’ object-oriented play relates to the development of tool-use
competences using Wynberg et al.’s (2022) definition of object-oriented play as being “focused on
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objects or materials and their sensorimotor or intentional affordances” and involving “the sensorimo-
tor exploration, physical manipulation, or mental manipulation of objects and/or materials” (p. 216).
Object play is one of the most prominent activities infants engage in during early childhood. Research-
ers from many disciplines have argued that object-oriented play exposes and promotes the develop-
ment of physical competences in both human and nonhuman animals (see reviews by Bjorklund &
Gardiner, 2011; Burghardt, 2005; Cenni, 2022; Needham, 2016; Wynberg et al., 2022). In particular,
the complex play behavior of combining objects with each other or (to some extent) with various sub-
strates (i.e., surfaces) has been pointed out as a precursor of tool use (e.g., Auersperg et al., 2015;
Hayashi & Matsuzawa, 2003; see reviews by Hayashi et al., 2006; O’'Hara & Auersperg, 2017). We sum-
marize some of these ideas in the next few paragraphs.

Infants explore objects in increasingly complex ways over the first 2 years of life. After a first period
in which they focus on single objects’ properties, from 6 to 10 months they start combining objects
with substrates while showing an increasing sensitivity to the properties of both the object and the
substrate (e.g., Bourgeois et al., 2005; Fontenelle et al., 2007; Palmer, 1989). Object-object combina-
tions (also called “relational acts”; Fenson et al., 1976; see also the literature review on play classifi-
cations by Fanning et al., 2021) start at about 9 months and increase in number and complexity over
the second year of life. Fenson et al. (1976) reported that infants continuously perform “simple” com-
binations (involving nonfunctional combinations between two objects such as touching an object with
another) from 9 to 20 months, with a peak at 9 months. This peak is followed by an increase in accom-
modative combinations (involving appropriate [i.e., functional/conventional] combinations between
two objects, e.g., lid on pot, cup on saucer, spoon in cup; Fanning et al., 2021; Fenson et al., 1976)
at 13 to 20 months, a behavior also accompanied by the growing emergence of symbolic acts. Con-
struction skills, such as stacking, nesting, and affixing objects together, also gradually develop from
10 to 24 months, with individual differences emerging in the developmental trajectories of such com-
binatorial behaviors (Marcinowski et al., 2019).

Developmental studies investigating the relationship between individual differences in combinato-
rial activities and tool use are available, but only in older children (e.g., Gredlein & Bjorklund, 2005;
Sylva, 1977). In the study by Gredlein and Bjorklund (2005), 3-year-old boys displayed significantly
more object combinations, such as stacking, securing, and connecting objects together, than girls of
the same age. The authors further found that boys performed better than girls on a tool-choice task
in which children needed to select the appropriate tool from a set of six alternatives (with only one
being functional) to retrieve a toy. Gredlein and Bjorklund (2005) further linked the two behaviors,
showing that the amount of time boys, but not girls, spent in object combinations during the free-
play sessions predicted their performance in the tool-choice task.

Data from comparative psychology highlight the potential link between object combinations and
the later emergence of tool use. For example, Vauclair and Bard (1983) reported that human infants
performed more complex manipulatory behaviors (such as bimanual explorations, exploring objects
while holding them, and combining objects together) than juveniles from species that show less flex-
ible tool use as adults such as chimpanzees (Pan troglodytes) and bonobos (Pan paniscus). A longitudi-
nal study investigating object manipulation in three mother-reared, captive infant chimpanzees
showed that the first tool-use behaviors appeared at approximately 21 months of age, 4 months after
a dramatic increase in object-object combinations (Hayashi & Matsuzawa, 2003). Longitudinal obser-
vations of the proficient tool-using capuchin monkeys (Sapajus apella) both in captivity (Fragaszy &
Adam-Curtis, 1991) and in the wild (de Resende et al., 2008) showed that juveniles undergo a long
period of object and substrate exploration before they eventually learn to use objects to crack nuts
for self-feeding. These exploratory behaviors start from simple manipulation of objects to more and
more complex combinations such as rubbing and hitting and then inserting and hitting objects against
various substrates. Similarly, juveniles of the New Caledonian crow (Corvus moneduloides), a species
renowned for its capacity to manufacture and use tools in the wild and in captivity (e.g., Kacelnik
et al., 2006), start exploring and combining available objects with the substrate soon after leaving
the nest. The quantity of combinatorial behavior gradually increases over subsequent weeks until
crows eventually start using stick-like objects as tools to retrieve food from crevices (Kenward
et al., 2006). All these comparative studies point toward a similar pattern in the development of tool
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manipulation, going from simple manipulation to object combinations until the use of tools, both in
closely related species such as nonhuman primates and in more distant species such as birds.

To our knowledge, no study so far has investigated the direct association between object combina-
tions and tool use in infants over the second year of life. In the current study, we investigated the
potential correlation between individual combinatorial activity and tool performance in four different
age groups: 15 months (before single-tool problems involving a spatial gap are usually solved),
18 months, 21 months, and 24 months (when the spontaneous use of single tools gradually develops
with inter-individual differences). As outlined above, this age period is particularly important for the
emergence of infants’ capacity to solve means—end problems involving the use of novel tools such as
retrieving an out-of-reach toy with a single tool. The tool-choice task used in earlier studies on this
topic (Chen & Siegler, 2000; Gredlein & Bjorklund, 2005) is usually solved later, from 24 to 36 months
(Brown, 1990; Keen, 2011), and only after the infants have acquired the ability to solve novel single-
tool tasks.

We examined a potential causal link between object combinations and tool performance using
both an experimental approach and a correlational approach. To this effect, we first measured infants’
spontaneous combinatorial activity with an object play set inspired by the one created by Auersperg
and colleagues (2015) for use with birds after adapting it for babies. With this play set, Auersperg et al.
(2015) reported that more complex and structured object combinations prevailed in the two tool-
using bird species tested (New Caledonian crows and Goffin cockatoos), but not in four other non-
tool-using species, and this applied in both the corvid and psittacid families. Drawing parallels in
the association of object combination and tool-related competences between species differing in tool
use and problem-solving performance may provide insights on how object play and tool use interact
through developmental ages in humans. After this first measure of spontaneous combinatorial activ-
ity, we assigned infants to one of two demonstration subgroups. In the first subgroup, we “prompted”
infants to combine objects with other objects (pushing/pulling an object with another) or with a fixed
feature of the substrate (e.g., inserting an object into a tube or a hole) by exposing them to demonstra-
tions by an experimenter. The second subgroup served as a control; it was matched for social interac-
tions but exposed only to single-object combinations and manipulations (pushing/pulling an object
with the finger and scratching an object against the ground). After being exposed to the demonstra-
tion, infants were given the opportunity to freely interact with the play set again to verify the effects
of the demonstrations on infants’ propensity to perform object combinations while also considering
potential effects of individual factors such as age, sex, and linguistic group. After this first play session,
we measured infants’ ability to solve novel means-end tool tasks, comparing infants from the two
demonstration subgroups on their capacity to solve tool tasks. Thus, we could detect correlations
between initial spontaneous combinatorial behaviors and problem solving and also could expose
the effect of the experimental treatment of the two subgroups. We predicted that if performing object
combinations affects variance in tool-related performance, infants in the object-object combinations
subgroup would outperform infants in the control subgroup in tool-related tasks. Because both tool
and combinatorial behaviors undergo developmental changes across the second year of life, we
expected this relation to vary across the age groups, in particular in the younger group that was
not yet expected to solve tool tasks at the time of exposure.

In addition, to investigate whether object combinations are specifically linked to tool use (e.g.,
Cheyne & Rubin, 1983; Gredlein & Bjorklund, 2005) rather than to means-end problem-solving ability
in general (Lockman, 2000), we measured infants’ performance in not only tool-related but also non-
tool-related means-end tasks. The most frequently studied non-tool means-end tasks in the literature
are the cloth task and the string-pulling task. In the cloth task, infants must pull a piece of cloth to
retrieve an out-of-reach toy. They usually solve it at 9 or 10 months of age (Bates et al., 1980,
Willatts, 1984, 1999). In the string-pulling task, infants need to pull a string connected to an out-
of-reach toy to bring it within reach, and they usually solve it at 10 to 12 months of age (e.g.,
Uzgiris & Hunt, 1975). However, it is difficult to compare infants’ performance in tool tasks with that
on means-end tasks like the cloth and string-pulling tasks because they do not align in complexity.
Whereas in the cloth and string-pulling tasks only one action is necessary to retrieve the toy
(i.e., pulling a piece of cloth or a string spatially connected to the goal object), using tools typically
involves at least two actions in addition to identifying the tool as a potential means for bringing
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the (non-connected) goal object into reach: (a) directing the tool toward the object and (b) performing
the retrieval gesture in an appropriate manner. Thus, we designed a series of non-tool problem-
solving tasks so as to have either a similar sequence of actions or a similar number of actions as
the tool tasks. The goal was always similar: to retrieve a toy placed within an apparatus out of the
infants’ direct reach. Previous studies investigating the link between object combinations and tool
use frequently focused only on tool-use problems, ruling out the possibility that object combinations
may correlate with a wider range of problem-solving skills and not specifically with tool use.

Method
Participants

Infants were recruited from a database of local families who had expressed interest in taking part in
studies of infant development. A total of 101 healthy full-term infants aged 15, 18, 21, and 24 months
participated in the study. Of these, 30 infants were excluded from the final sample for one of the fol-
lowing reasons [with age group(s) in months as subscripts]: not playing during the play session
(n21m = 3); not completing the problem-solving session, that is, at least four tasks from the eight
problem-solving battery of tasks (this was usually due to fussiness or lack of interest; nysy, = 3,
Nigm = 16, Ny1m = 5, Maam = 1); experimental error (nygy, = 1); or extreme shyness (refusal to participate
or interact with the experimenter; n;s,, = 1). These strict exclusion criteria, defined a priori, were used
to (a) be able to assess the effect of the demonstration on infants’ play behavior before and after the
demonstration and (b) ensure that all infants participated in at least one tool task and one non-tool
task (the order of presentation of the tasks was randomized within groups). The final sample consisted
of 71 infants, pseudo-randomly assigned between the demonstration subgroups (ComplexComb and
SimpleComb subgroups; see “Procedure” section for details about the demonstrations), matched for
age, sex, and linguistic context (monolingual or plurilingual. (For a detailed description, see
Table S1 in the online Supplementary Material, which is referred to as “SuppInfo” hereafter). Sex
was matched between groups because some studies have found sex differences in infants’ play style
(Gredlein & Bjorklund, 2005) and in tool use (Chen & Siegler, 2000). The linguistic context was also
matched between groups because studies have shown that bilingualism provides an advantage over
monolingualism in various cognitive skills recruited during problem-solving tasks (see Quinteros
Baumgart & Billick, 2018, for a review in infants, although some studies, like the meta-analysis by
de Bruin et al., 2014, question the strength of these findings). This balance of linguistic context was
possible because our recruitment area included families of multiple nationalities, so that about half
(n=33 of 71) of the infants lived in a family speaking more than one language. We categorized infants
as plurilingual if they heard a second language for more than 20% of the overall heard speech, as
reported by their parents.

All parents gave written informed consent about the study and about their children being video-
recorded during the study. This study received ethics clearance from the University of Oxford Central
University research ethics committee.

Design and materials

Each infant experienced a play session designed to quantify spontaneous object combination inten-
sity with a play set and a problem-solving session to measure infants’ abilities to solve various means-
end tasks involving or not involving the use of tools.

Play set

The play set contained a mixture of loose objects and fixed features (Fig. 1). The objects consisted of
wooden balles, cubes, rings, sticks, and plastic cups of different sizes and colors (the wooden objects
were painted with childproof, nontoxic, water-based acrylic red, green, and brown paint). The fixed
features consisted of four 50 x 50-cm activity plates with holes, affixed poles, and both horizontal
and vertical tubes with which the objects could be combined (e.g. touching or inserted). After the
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Fig. 1. Top left: An 18-month-old infant playing with the play set, performing a single-object manipulation, that is, rubbing a
single stick against one of the four platforms. Bottom left: The same infant performing an object-object combination, that is,
inserting a ball into a plastic cup. Right: Detail of all wooden and plastic objects used during the play phase.

infant and caregiver entered the room, the experimenter positioned the four activity plates on the
floor in a random rectangular arrangement at approximately 40 cm from one another (Fig. 1). The
objects were then randomly scattered over this arrangement. This play set was inspired by the one
created by Auersperg and colleagues (2015) for use with birds after adapting it for babies, adding a
few additional objects (squared and round plastic cups of different sizes and colors), and adding some
interactive features on the activity plates. The motivation to present objects of different sizes, colors,
and shapes was to give infants the opportunity to explore and perform many different kinds of behav-
ior, including combinations with other objects and with features from the platform. Auersperg et al.
(2015) used a detailed ethogram that included object manipulations and combinations and thus is
suitable to make inter- and intra-species comparisons. Given that the ethogram was conceived for
birds, we adapted it for human infants (see Table S4 in SuppInfo and the “Data coding and analyses”
section below).

Problem-solving tasks

To test infants’ means—end problem-solving abilities, we designed a battery of eight means-end
tasks, all involving the execution of a planned sequence leading to the extraction of an attractive
toy. To keep infants’ interest in the target across trials and tasks, we used various toys representing
animals of different colors and lighting effects, small cars or little wind-up toys, and varied their
use on each trial depending on the infants’ interest. All tasks are described in detail and illustrated
in Table S3 in the Supplnfo, but we briefly describe them here. Five of the eight tasks involved the
use of tools, four of which involved the use of a single tool, thus referred to as “single-tool tasks”.
In the rake task, infants needed to use a rake to retrieve an out-of-reach toy placed inside a wide trans-
parent box (Fig. 2, bottom right). Initially, both the rake and the toy were inserted inside the box, with
a spatial gap of about 10 cm to the side (right or left depending on the trial) between the rake and the
toy. In the slit box task (tool version; see below for the non-tool version), infants needed to horizon-
tally push a toy with a stick through a slit on the side of a transparent box. In the trail box task, infants
needed to horizontally push a toy with a stick through a slit on the top of a transparent box. In the
tube-pulling task, infants needed to use a hook to pull out a toy placed inside of an opaque horizontal
tube (with one end of the tube being closed). The fifth tool task involved the use of several tools in
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Fig. 2. Illustrations of the priming step (left pictures) and transfer step (right pictures) of a non-tool task (top pictures) and a
tool task (bottom pictures) from the problem-solving session. Top left: An 18-month-old girl spontaneously opening a box to
retrieve a toy previously placed inside. In this priming version of the task, two locks are present, but neither one blocks the
opening of the lid. Top right: The same girl facing the transfer version of the box (same box but with one of the locks in a
blocking position). The girl is moving one of the locks (in this case the non-blocking one to her right) while trying to open the
box. Bottom left: A 24-month-old girl pulling the handle of a rake to retrieve a toy attached to it. Bottom right: The same girl
manipulating the rake while looking at the toy (not attached to it).

association, referred to as the “associative tool task” (following the definition by Shumaker et al.,
2011). In this task, infants needed to push a toy out of a transparent horizontal tube (with both sides
being opened) by inserting two or three short wooden blocks in sequence. We designed this associa-
tive tool task so as to be harder than single-tool tasks because it involved the combination of several
tools in sequence. Finally, we designed three problem-solving tasks that did not involve the use of
tools but were meant to be equivalent in terms of cognitive difficulty, goal to be achieved (i.e., retrieve
an out-of-reach toy), number of actions needed to solve the task, and level of motor dexterity. Using
tools in extracting tasks typically involves at least two actions: directing the tool toward the object
and performing the retrieval gesture in an appropriate manner; thus, our non-tool tasks also involved
at least two actions. In the box opening task, infants needed to first remove a latch on the box and then
lift its transparent lid to retrieve an out-of-reach toy (Fig. 2, top right); in the slit box task (non-tool
version), infants needed to slide an obstructing door to the right before being able to push a toy to
the left through a horizontal slit until it fell out of the box; finally, in the tube tilting task, infants
needed to remove a wooden block from under a horizontal opaque tube in order to tilt the tube, which
made the toy fall out of the tube.

To mitigate potential age and/or inter-individual differences in infants’ problem-solving perfor-
mance attributable to their prior experience with objects and material properties, we added a priming
step for each task. An example of such inter-individual differences is a difference in the amount of
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experience with transparent materials given that some apparatuses involved transparent Perspex
parts. During the priming step, infants needed to learn how to extract an attractive toy from the appa-
ratus with a single-step (non-tool) manipulation, thereby learning about the basic principle of the
task. In the priming step of the rake task, for example, infants learned to retrieve a toy by pulling
the handle of the rake to retrieve the toy directly taped to it (Fig. 2, bottom left). In the (non-tool)
box opening task, infants first learned that the box (not blocked by a locker) could be opened by lifting
its transparent lid. The priming step of each task is described in detail in Table S3.

Procedure

Upon arrival, infants were given a short warm-up phase in the lab reception, during which the
experimenter offered various toys and played with the infants to give them an opportunity to famil-
iarize themselves with the experimenter and the environment. In parallel, the caregivers were given
information and consent forms and were explained the overall procedure.

The test began with a 15-min play session, immediately followed by a problem-solving session
(~20-30 min; Fig. 3). To reduce potential stress, the caregivers were present during the whole exper-
iment but were asked to interfere as little as possible except for occasionally verbally encouraging the
infants to interact with the objects and/or retrieve the toy from the apparatuses without showing or
telling them how to solve the task.

Play session

We conducted the 15-min play session in a small testing room. It began when the infants first
started to interact with the play set. After 5 min of free play with the objects and features (pre-
demonstration phase), infants in the ComplexComb subgroup were given 5 min of demonstrations
by an experimenter performing object-object combinations and object combinations with features
on the platforms. These combinations included pushing or pulling another object with a stick and
inserting any kind of small objects into holes, vertical and horizontal tubes attached to the platforms
(see Table S2 in the Supplnfo for a detailed description of each type of action performed by the exper-
imenter). These behaviors were chosen because of their prevalence in species that perform well in
physical cognition and tool-use tasks (e.g., Auersperg et al., 2015; Hayashi & Matsuzawa, 2003). The
demonstrations were intended to potentially increase combinatorial activity by the infants through
providing either behavioral models or motivational incentives given that 8- to 24-month-old infants
imitate object-directed actions performed by adults in free-play situations (e.g., Koterba & Iverson,

. 2. Problem-solving session
1. Play session (2 different sets of 4 tasks)
Pre-demo | |Demonstration|| Post-demo Priming phase Transfer phase
: If the priming phase
Co;rLll;;lger);(Lomb i;:n l";i Infants are of a task is completed,
(min n=2'33 combingtorial asked to extract modification of
er age group) St e a reward using a the task to test for
per age group 5min of sminlof single-step action transfer of knowledge
SirENECHHTD free play 5 min of free play (e.g. open a box, (e.g. use a rake
INPEL O simple actions pull the handle or a stick to push/pull
(St'n?rg]r:fg and simple of a rake to which a toy, remove
- combinatorial a toy is attached) a blocking object
per age group) demonstrations to open a box)

Fig. 3. Overview of the procedure (from left to right) for each demonstration subgroup (ComplexComb and SimpleComb). The
demonstration (demo) refers to the phase in which objects are being manipulated by the experimenter (either with a single-
object manipulation or with object-object combinations; see below). Babies were allowed and encouraged to play over the
three phases of the play session.
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2009; Williamson & Brand, 2014). The demonstration per se, or the infants’ own induced activity
through the demonstration, could then have a causal impact on performance in the follow-up tests.
Infants in the SimpleComb subgroup were given the same amount of free play and object demonstra-
tions, but the experimenter manipulated single objects alone or in interaction with the ground, push-
ing or pulling toys directly with the fingers (i.e., object-body combination) and rubbing sticks against
the ground (i.e. object-substrate combination). This reproduced the pushing or pulling demonstrated
in the ComplexComb subgroup but without combining objects (see Table S2 for a detailed description
of the manipulations). This also served to match the demonstration subgroups for social interaction
while exposing the significance of object combinations. To standardize the quantity of demonstrations
seen by each infant, we made sure that the infant paid attention to at least 10 instances of each type of
demonstrated action (Table S2). Thus, demonstrations that were clearly outside of the infants’ visual
field when being performed by the demonstrator were repeated when the infants were paying atten-
tion again. During the demonstrations, the experimenter verbally attracted the infants’ attention
toward the actions she was performing (e.g., “Look. I take this. I am doing this”). and also verbally
encouraged the infants to imitate these actions (e.g., “Can you do that?”). Infants were allowed to
interact with the demonstrator as well as with the play set. Thus, the demonstrator did not continu-
ously perform the actions over the 5 min of the demonstration phase but paused after some actions to
give the infants the opportunity to copy the demonstrated action (or to perform other actions). After
the demonstrations, infants’ free play was recorded for an additional 5 min (post-demonstration
phase) to examine possible differences between the two subgroups. Over the 15-min play session,
infants were vocally encouraged to freely interact with the play set but were not forced to play; they
were free to sit back and/or interact with their caregiver at any time. In the rare cases where infants
did not play either during the whole session or both during and after the demonstration period, the
infants were excluded from the final sample (n = 3 of 101; see “Participants” section). This exclusion
criterion was used because of the impossibility to assess the effect of the demonstration or relate play
activity with performance in problem-solving tasks.

Problem-solving session

After the play session, the infant and caregiver were transferred to another room. For all but one of
the problem-solving tasks, the infant sat in the lap of the caregiver in front of a table and the exper-
imenter sat opposite, facing the infant. Tasks were presented on top of the table except for the trail
task, which took place directly on the floor because the testing box was too high for the infants to
see the toy inside the box when presented on the table. All trials were prepared behind an opaque
screen to prevent infants from observing the experimenter. During the trial, the screen was positioned
between the experimenter and the apparatus to prevent the experimenter from looking at the toy (but
not at the infants), potentially providing infants with directional cues. Because the procedure was rel-
atively long (15-min play session followed by the problem-solving tasks), we divided the battery of
tasks into two predetermined sets of four. Set A contained one single-tool task, the associative tool
task, and two non-tool tasks (see Table S3 for a detailed description, and see Fig. 6 in Results for
the name of the tasks in each set). Set B contained three single-tool tasks and one non-tool task
(Table S3). Given that most of these tasks were being used for the first time in infants, their distribu-
tion between the two sets was arbitrary (see in particular the result and discussion of the associative
tool task). The order in which tasks were presented and the attribution of sets to participants (A or B)
were counterbalanced within each age group and demonstration subgroup. Furthermore, infants who
were still motivated to participate after completing one set were given additional tasks from the other
set until they refused to participate (15, = 0, ny8m = 1, N21m = 1, and ny4y, = 6 infants). These additional
data were included in the infants’ problem-solving performance analyses.

As mentioned earlier, each task involved two steps: a priming step and a transfer step (see Table S3
for details). The completion criterion of the priming step consisted of three successes in a row, with a
demonstration of the solution when the infant failed to solve the task. Thus, infants had a minimum of
three trials (if they succeeded from the first trial) and a maximum of five trials (if they succeeded at
the third trial after demonstration) (see Supplnfo and “Data coding and analyses” section for more
details). If an infant did not solve the task after three trials each followed by a demonstration, the
transfer version of the task was omitted (assuming that the infant would have failed this version given
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that it was more complex than the priming version). For infants who completed the priming step of a
given task, the experimenter modified the apparatus for the transfer step. The goal of the task
remained the same as during priming, but the task now required using a tool (single-tool task), com-
bining several tools (associative tool task), or removing a physical blockade impeding the priming
solution (non-tool task). In the rake task, for instance, the toy was placed to the left or right of the rake
so that just pulling the handle would not work; instead, the rake needed to be placed behind the object
before pulling (Fig. 3, bottom right). Infants were given about 1 min per trial and up to five trials, and
the success criterion was three successes in a row. Thus, infants had a minimum of three trials and a
maximum of five trials. During this step, the solution was never demonstrated.

Data coding and analyses

We filmed all sessions and analyzed infants’ behavior from the videos using BORIS (Behavioral
Observation Research Interactive Software; Friard & Gamba, 2016).

We adapted the ethogram from Auersperg et al. (2015) for human infants, classifying and quanti-
fying manipulations into the following classes: (1) non-combinatorial actions (e.g., touching, pushing,
shaking, or picking an object with the hand, symbolic acts such as drinking from a cup or pretending to
drive with a ring), (2) simple combinations (e.g. hitting, rubbing, or scratching an object against the
ground, touching the substrate, a platform feature, or an object with another object [without moving
it], stacking an object on top of another or on a platform feature, symbolic acts such as putting a cup on
the head like a hat or brushing hairs with a stick), (3) social actions (not used in the analysis; e.g., giv-
ing an object to the experimenter or the caregiver), and (4) complex combinations (i.e., actions
demonstrated in the ComplexComb subgroup: e.g., inserting, dipping, or probing an object into a
tube/hole or another object, pushing or pulling an object with another) (see Table S4). We extracted
the following variables from the coding of the play session: session duration, total time around and
within the play set, total manipulation time with objects in the play set, number and nature of
non-combinatorial actions, and number and nature of combinations (simple combinations and com-
plex combinations). We conducted a series of generalized linear mixed models (GLMMs) to evaluate
infants’ spontaneous level of object combinations (simple and complex combinations before the
demonstration) as well as to investigate any potential effects of the two demonstration types on their
combination levels during and after the demonstration. In these models, we also controlled for indi-
vidual differences (age, sex, and linguistic context).

For the means-end problem solving, we analyzed infants’ performance on two levels: “basic” and
“advanced”. The basic level corresponded to infants’ performance at the priming step of each task
because it involved no tool use and required only one simple action to be solved. Spontaneous success
was scored as 0, success after demonstration as 1, and failure after two demonstrations as 2 (see addi-
tional details in the Supplnfo). We initially expected all priming steps to be relatively easy for all age
groups, with older infants solving them spontaneously and younger infants solving them with the
assistance of demonstrations. Because this was not what we observed during the experimentations,
we statistically compared the performance between the priming steps of different tasks by means
of multiple Wilcoxon and Mann-Whitney tests with Bonferroni correction (seven different primings
leading to 21 comparisons, o = .05/21 = .002). The use of paired versus non-paired tests depended
on whether the two compared priming steps were from the same task set (i.e., same infants perform-
ing both primings; Wilcoxon) or a different task set (i.e., primings performed by different infants;
Mann-Whitney). Note that there were only seven priming steps because two of the eight problem-
solving tasks had the same priming but a different transfer step (one to be solved with a tool and
the other without a tool, with both tasks being in a different task set). This analysis showed that three
of the seven priming tasks were more difficult to solve than the other four (see Results). Thus, we
decided to run an additional GLM analysis to check for a potential effect of the demonstrations on
the performance in the three more difficult priming tasks and for an effect of individual factors (age
and sex).

The “advanced” level of problem solving corresponded to infants’ performance at the transfer step
of each task. We conducted a binomial GLMM on performance for each task (success or failure based
on the success criteria described above), evaluating the potential effects of the following factors:
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demonstration subgroups, type of task (single-tool, associative tool, or non-tool), age, sex, and a series
of interactions between these factors (see details in Results). In this model, infants had as many per-
formance scores as the number of tasks from their set. For example, if an infant completed Set A, the
infant had four scores: one score for the single-tool task, one score for the associative tool task, and
two scores for the two non-tool tasks from this set. Thus, infants were added as a random factor into
the model to account for the repeated-measure dependencies, and the type of task was included in the
factors of the model.

A final correlational analysis was conducted to investigate whether infants who combined more
during the whole play session (independently of the demonstration subgroup) performed better in
the problem-solving tasks. We used two mixed logistic regressions (one for single-tool and one for
non-tool tasks). The dependent variable was the performance in the type of task (either single-tool
or non-tool). For example, if an infant did not solve any single-tool task, the score was 0, and if the
infant solved one or more, the score was 1. The independent variables in the model were the propor-
tion of simple and complex combinations performed during each phase of the play session (pre-, dur-
ing, or post-demonstration). This allowed us to differentiate between infants who spontaneously
combined more from the beginning of the session and infants who imitated the combinations dis-
played by the experimenter. Because of the high variability in quantity of each type of combinations
performed during the play sessions, all variables were normalized before running the models (see
details in the Supplnfo).

An independent observer (blind to the experimental hypotheses) coded about 28% of the data, that
is, 20 of 71 babies (10 from each demonstration subgroup). The correlation between the two observers
was excellent for all variables (intra-class correlations used for the continuous variables ranged from
.86 to .98, and the unweighted Cohen’s kappa was .91 for the performance in the battery of tasks, all
ps < .001) (see details for each variable in the Supplnfo).

All statistics were performed using R 4.0.1 and RStudio 1.3.959 for Mac computers. For mixed mod-
els, we used the “Ime4” package developed by Bates, Maechler, Bolker, & Walker, 2015 with the Imer
or glmer function depending on the nature of the dependent variable (linear or binomial, respectively).
For GLMMs, model selections were conducted using a manual backward stepwise procedure based on
minimum Akaike information criterion (AIC) values and starting with a global model containing a pri-
ori selected variables and interactions of interest, as suggested in Grueber et al. (2011). For GLMs, we
used the automatized stepAIC function from the “MASS” package instead of a manual procedure. We
specify both the variables from the full model and the ones selected in the final best model, both in
Results and/or in Table S5 of the Supplnfo. As suggested in Thomas et al. (2017), we only report the
main effects when they are not involved in any significant higher-order interaction(s). We calculated
the significance of random effects using the method proposed in Zuur et al. (2009). When reporting
our results, we also report the mean and standard error (M + SE) when a result has not been displayed
in a figure. Additional details about the analyses can be found in the Supplnfo.

Results
Play session

Quantification of play

Before examining infants’ propensity to combine objects, we quantified duration and number of
object manipulations. We checked whether these quantities varied across age groups, demonstration
subgroups, phase (pre-, during, or post-demonstration), sex, and all two-term interactions between
age, subgroups, and phase. This analysis was conducted to check whether the number of object com-
binations needed to be weighted by number or duration of manipulations in further analyses. Dura-
tion and number of manipulations were significantly but weakly correlated (r = .27, p < .05)
because a single action could entail a variable time holding or examining each object. For this reason,
we analyzed both dependent variables, but because the results were similar, we report the model with
the number of actions as the dependent variable. The outputs of both models, however, can be found
in the SuppInfo (GLMM1 and GLMM2 in Table S5). The final model, chosen through the model
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selection process (GLMM?2 in Table S5), included phase, demonstration subgroup, and sex and
included none of the interactions.

Phase had a significant effect on number of actions. Infants performed more actions before (M = 56.
5 +2.7) and during (M = 55.3 + 2.9) the demonstration than after the demonstration (M = 47.1 + 2.7;
Zpre-post = 3.30, p < .01, Zggpphase-post = 2.82, p < .05) (GLMM2 in Table S5). In addition, there was an
effect of sex, with boys performing significantly more actions than girls (z = 2.36, p < .05) (Fig. 4;
see also GLMM?2 in Table S5).

We did not, however, find a significant effect of demonstration subgroup on the total number of
actions (MComplexComb = 168.9 + 8.9; MSimpleComb = 1491 + 96, t = —-1.72, p = 09) (GLMMZ in
Table S5) or a significant interaction between type of demonstration and experimental phase.

Because the duration of the phases, although programmed to be 5 min each, could vary slightly, we
assessed the correlation between total number of actions and number of actions per minute in each
phase. This correlation was extremely high (r = 1, p < .001). This means that the number of actions
reflects the actual rate of activity and not variation in opportunity through differences in phase dura-
tion. For this reason, in further models we did not correct the quantity of combinations by phase
duration.

The significant drop in activity in the last (post-demonstration) phase could be due to fatigue or
loss of interest. The fact that the demonstrator stopped interacting with the toys could also have
had an inhibitory effect. Because of this “phase” effect, in models comparing the quantity of combina-
tions between the play and problem-solving session, we weighted the dependent variables by the
number of actions per phase of each participant. Because during the play session boys played signif-
icantly more than girls, we further investigated whether this relates to differences in simple, complex,
and/or non-combinatorial actions (see GLMM3 in next section). Finally, there was no significant effect
of age in this model; infants in all age groups manipulated the toys to a similar extent.

Quantification of combinatorial activity

To evaluate infants’ propensity to perform object combinations, we ran a mixed model analysis
with a binomial distribution on the proportion of type of combination (simple or complex) weighted
by the total number of actions. The following variables were included before model selection: demon-
stration subgroup (ComplexComb or SimpleComb), phase (pre-, during, or post-demonstration), type
of combinations (simple or complex), sex, age, and various preselected two- and three-term
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Fig. 4. Mean number of actions per infant over the play session as a function of sex and type of actions. Error bars show
standard errors of total actions. *p < .05 (Generalized Linear Mixed Model [GLMM] 2).
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interactions defined as predictors (see full model details, GLMM3 in Table S5). None of the factors or
interactions was excluded through the model selection process.

Type of demonstration had a significant impact on infants’ object combinations. First, there was a
significant three-term interaction among type of combination performed by infants, demonstration
subgroup, and phase (Fig. 5). Before the demonstration, both subgroups performed object combina-
tions to a similar level (z = 0.97, p = .99) and did not differ in the proportion of type of combination
performed (simple or complex). During the demonstration, infants in the ComplexComb subgroup
performed more complex combinations (z= — 8.05, p <.001) and marginally fewer simple combina-
tions than infants in the SimpleComb subgroup (z = 2.89, p = .06). This was related mainly to changes
within the ComplexComb subgroup that increased the proportion of complex combinations during
and after the demonstration (z = — 14.57, p <.001; z = 8.72, p < .001) and decreased that of simple
combinations (z = 7.00, p < .001) with respect to the same group prior to the demonstration. In con-
trast, within the SimpleComb group there was no detectable effect of demonstration on proportion of
object combinations. Finally, after the demonstration, the ComplexComb subgroup displayed a signif-
icantly higher proportion of complex combinations than the other subgroup (z = — 4.87, p <.001),
whereas the subgroups did not differ in the proportion of simple combinations (z = 0.19, p = 1.00).
There was also a within-group effect; the proportion of complex combinations was significantly lower
after the demonstration than during the demonstration (z = 6.23, p <.001) (Fig. 5).

Combination type (complex or simple), demonstration subgroup (ComplexComb or SimpleComb),
and age had a significant three-way interaction. There was a higher proportion of complex combina-
tions in the ComplexComb subgroup than in the SimpleComb subgroup at 15, 18, and 24 months of
age, but not at 21 months (Mcomplexcombis = 21.7 * 4.4, Msimpiecombis = 11.3 £ 4.0, z;5 = — 3.36,
p< .01; MComplexComb18 =31.0+3.9, MSimpleComblS =12.1+3.6,z13= —4.24, p< .001; MComplexComb21 =
29.0£4.9, MSimpleComel =204+7.2,231= —1.53,p=.58; MComplexComb24 =33.7+6.1, MSimpleComb24 =
16 £ 3.8, zp4 = — 3.06, p <.05). The means at 21 months suggest that in this age group infants per-
formed more complex combinations in both groups, including the SimpleComb group. Although the
difference is not significant, the mean quantity of object combinations in the two groups follows
the same trend as in the other age groups. In contrast, there were no overall demonstration subgroup
differences between any of the age groups in the propensity to perform simple combinations (all con-
trast p values > .05). This result confirms that the complexity of the combinations demonstrated by the

70 SimpleComb group ComplexComb group
T Non-Combinatorial actions
60 T T [ Simple combinations
M Complex combinations
50 1 ; T g

EN
o

Mean number of actions
w
o

1
1
1
1
&
n

Pre-demo Demonstration Post-demo Pre-demo Demonstration Post-demo

Fig. 5. Number and type of actions in each demonstration subgroup (SimpleComb and ComplexComb) pooled across all ages.
Non-combinatorial actions are included to display the proportion of combinations with respect to total actions. Error bars show
standard error of total actions. All significant differences are shown by asterisks (***p < .001). The two connecting lines and
asterisks below the graphs illustrate all significant intergroup comparisons. Infants from the ComplexComb group displayed
more complex combinations during and after demonstration than infants from the SimpleComb group. The five connecting lines
along with asterisks inside the graph illustrate all the significant intragroup comparisons. The differences were found only in
the ComplexComb group (right); infants displayed more complex combinations during the demonstration phase than before
and after the demonstration, and they displayed more complex combinations after the demonstration than before the
demonstration. They also displayed fewer simple combinations during and after the demonstration than before the
demonstration. demo, demonstration.
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experimenter likely played a role on the infants’ motivation to copy these actions, at least in three of
the four ages tested.

To examine whether boys and girls differed in their play style, we examined the interaction
between type of combination performed and sex. We found that boys significantly performed simple
and complex combinatorial actions in a similar proportion (z = 1.72, p = .26), whereas girls had a
higher proportion of simple combinatorial actions than complex ones (z = 3.06, p < .01) (Fig. 4). This
did not seem to be mediated by total number of combinatorial actions, (see GLMM4 in Table S5 and
para. 1.2 in Supplnfo) but instead seemed to be mediated by the fact that boys engage in more non-
combinatorial behavior, thereby affecting the observed proportions (Fig. 4).

In conclusion, and perhaps surprisingly, we did not find evidence for a difference in combinatorial
activity between age groups. However, the demonstration did affect propensity to combine; infants
exposed to complex combinations performed more of them during and after the demonstration. In
contrast, infants exposed to simple combinations did not perform more simple combinations during
or after the demonstration. Thus, demonstrations had both simultaneous and lagging influence on
infants’ behavior, but only for the complex combinations.

Problem-solving session

Priming step
Difference of complexity between the priming step of each task. To check for differences in difficulty
between the priming step of each task, we conducted Bonferroni-corrected multiple two by two com-
parisons using the following scores: spontaneous success (scored as 0), success after demonstration
(scored as 1), and failure after two demonstrations (scored as 2). Spontaneous success in the priming
step was much lower in the associative, slit box, and trail box tasks than in the other tasks (Fig. 6; see
also Table S6 in Supplnfo). In contrast,

the rates of success after demonstration and of failure were higher. The difference in performance
between tasks may reflect differences in cognitive processing requirements, in motor difficulty, or in
engagement.

Main factors influencing the basic level of problem-solving (i.e., priming step). To test whether unin-
tended factors (i.e., age, sex, and demonstration subgroups) explained infants’ performance at the

B Spontaneous success Success after demonstration Failure
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Fig. 6. Proportion of infants succeeding in the (non-tool) priming step of each task spontaneously, after demonstration, or never
(i.e., not solving the task in the testing session). ***p < .001. Because the slit box task had both a tool version and a non-tool
version, but with an identical priming step, it was present in both Set A (tool version) and Set B (non-tool version). No task
involved tools during the priming step, so superscripts (n = non-tool task, s = single-tool task, a = associative tool task) indicate
the kind of task to follow in the transfer step. See descriptions and illustrations in the Supplnfo.
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priming step of the three tasks with most failures, we ran a GLM1 with these predictors on infants’
mean performance in these three tasks. We calculated the performance based on the score (0, 1, or
2) described above. Subgroup was excluded through the model selection process, and sex had a small,
nonreliable effect (p = .07), but age was a significant factor (p <.001; see GLM1 in Table S5). This effect
was principally due to the two younger age groups failing significantly more than the two older ones
(Mys = 1.44 £ 0.13, Mg = 1.13 £ 0.13, My; = 0.50 + 0.12, M54 = 0.27 £ 0.10, 25715 = — 4.96, p < .001,
Z31-18 = — 3.67,p <.01, 2415 = — 6.77, p <.001, 2415 = — 5.25, p <.001; no differences between
15 and 18 months or between 21 and 24 months, respectively, all ps > .05).

In summary, in the priming step four of the seven tasks were solved by nearly all infants, whereas
the remaining three tasks were mostly solved by infants of the two older age groups.

Transfer step: Effect of combinatorial demonstration on problem-solving performance

To test for the effect of the two demonstration subgroups, we used success or failure on each task as
the dependent variable (with success corresponding to three consecutive successful trials; see
Method). Our initial GLMM included the following predictors: demonstration subgroup (Com-
plexComb or SimpleComb), type of task (single-tool, associative tool, or non-tool tasks), age, sex,
and the interactions between age and demonstration subgroups and between age and type of task,
with infant as a random factor. After model selection, the final model included only age and type of
task as main predictors (GLMMS5 in Table S5). The interaction between age and type of task was also
dropped during the model selection process.

As with priming, performance at the transfer step significantly improved across age groups, with
21- and 24-month-olds performing better than 18-month-olds (M;g = 0.33 + 0.05, My; = 0.65 %
0.06, M4 =0.68 £ 0.05, 25115 = 3.51, p < .01, 25413 = 4.15, p <.001), and all other age groups performing
better than 15-month-olds (M5 = 0.15 + 0.04, z;3_15 = 2.58, p < .05, Z51_15 = 5.30, p <.001, zp4_15 = 5.88,
p <.001). There was also a significant effect of type of tasks, with a lower performance in single-tool
tasks than on associative tool and non-tool tasks (Zseq-singte-tool = 2-42, P < .05, Znon-tool vs. single-tool = 4.36,
p <.001) (Fig. 7).

In summary, we found no differences in problem-solving performance between demonstration
subgroups. Infants’ performance was worse in the single-tool tasks than in the associative and non-
tool tasks, and neither demonstration nor age affected this difference. This confirms that infants have
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Fig. 7. Proportion of successful infants (all age groups and demonstration subgroups combined) in each type of task. Points
show the mean, and horizontal lines show the median. *p <.05; ***p <.001.
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more difficulties in solving novel means—end tasks involving the use of tools until at least the end of
the second year of life, in comparison with non-tool means-end tasks (see also Discussion below). The
difference found between the single-tool and associative tool tasks may seem counterintuitive at first
sight given that combining several tools should require more advanced planning skills than using a
single tool, but the effect is probably artifactual. We designed the associative tool task (Table S3) so
as to be harder than single-tool tasks because it involved the combination of several tools to be solved.
However, the task did not work as expected. A large proportion of infants, when failing to reach the
toy, seemed to switch their goal; instead of trying to retrieve the toy, they tried to insert as many
blocks as possible inside the tube—leading to serendipitous success on many occasions. Many infants
became uninterested in the toy even after a successful trial; instead, they kept inserting either blocks
or the toy itself into the tube. Because of this, in the following series of models, we dismissed this task
and analyzed the link between infants’ combinatorial activity and problem-solving performance only
in the single- and non-tool tasks.

Link between combinatorial activity and problem-solving performance

In this last section we investigated whether infants’ combinatorial activity during the three phases
of free play (i.e., before, during, and after the demonstrations) predicted success or failure in tool and
non-tool tasks independent of the demonstration types. We ran logistic regressions (LRs; LR1 and LR2
models in Table S5) on infants’ success in at least one task of each type (i.e., single-tool or non-tool
task) as a function of number and types of combinations (i.e., complex or simple) performed during
the three phases of the play session. Because the number of actions differed significantly between
phases (see “Quantification of combinatorial activity” section), we systematically weighted the quan-
tity of combinatorial actions by the total number of actions of each subject and phase. Age was not
included because the proportion of actions that were combinations did not differ significantly
between age groups (GLMM3 in Table S5; see also “Quantification of combinatorial activity” section).
These models were run on both types of tasks (single-tool and non-tool tasks) separately.

Single-tool tasks

Performance on tool tasks was significantly correlated with propensity to perform complex combi-
nations; the greater the number of combinations during (but not before and after) the demonstration,
the better was performance in the tool tasks (p = .05, LR1, Table S5 in Supplnfo; see also Fig. 8, left).

Non-tool tasks

Similar to the model with tool tasks, the more complex combinations infants performed during the
demonstration, the better their performance in non-tool tasks was (p < .01 for LR2 on 71 infants,
Table S5; see also Fig. 8, right). No other factors were significant.

In summary, inter-individual differences in spontaneous complex combination behavior before the
demonstration did not predict performance in either tool or non-tool problem-solving tasks, but com-
plex combinations during the demonstration were positively associated with success in both tool and
non-tool tasks. This result includes both infants who combined more by observation (i.e., infants who
copied more the complex combinations performed by the experimenter) and infants who sponta-
neously combined more regardless of the demonstration subgroup.

Discussion

This study was triggered by the expectation that infants who display greater propensity to combine
objects would show an enhanced performance in solving problems involving physical manipulations.
Furthermore, we also expected that more complex combinations, either spontaneous or socially
prompted, would selectively predict greater tool-use competence. These hypothetical associations
may be expected for a variety of reasons. Empirically, comparative studies contrasting different spe-
cies that vary in propensity to use tools have found tool use to be more frequent in species perceived
as being cognitively advanced such as primates, corvids, and parrots. This suggests the possibility that
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Fig. 8. Probability of success in each type of task as a function of number of complex combinations over the total number of
actions during the demonstration.

such associations may also be present in within-species inter-individual variation, including individ-
ual differences in combinatorial activities and tool use in children (Gredlein & Bjorklund, 2005). There
are also theoretical possible reasons. Tool use by definition involves using objects to exert influence on
other objects, and the propensity to generate complex nonfunctional object interactions may be
higher in individuals more capable of using objects functionally as tools to achieve goals. It is also rea-
sonable to expect causal relations; combining objects in complex ways may offer the opportunity to
acquire skills that remain available when a functional need presents itself.

We examined the relation between object play and the development of physical problem solving in
infants with an emphasis on distinguishing between tool-related and non-tool-related competences. We
explored these potential associations correlationally by seeking to expose whether spontaneous infant
playing (before the experimenter’s demonstrations) predicts inter-individual variance in physical prob-
lem solving as well as experimentally by exposing infants to either simple or complex combinatorial
activity by a demonstrator and exploring whether such demonstrations induce variance in infants’ play
and problem-solving performance. Regarding the experimental approach, we found no detectable differ-
ences in problem-solving performance between infants who were prompted to perform complex com-
binations and those who were not. The correlational approach, on the other hand, revealed a
correlation between infants’ inclination to combine objects and their proficiency in means-end
problem-solving tasks regardless of whether the task involved the use of tools or not. Furthermore, this
result includes not only infants who combined more spontaneously (before demonstration) but also
infants who were prompted during the demonstration phase to perform complex combinations. We next
summarize results from the play and problem-solving sessions separately and then evaluate their signif-
icance regarding the hypothesized link between tool use and combinatorial behavior.

During the play session, infants of all ages performed both simple and complex combinations spon-
taneously, and the total number of combinations did not differ significantly between age groups. We
did expect to find an age effect both as a general effect of development and because of preexisting
empirical reports. Previous research has found that object combination typically begins at 9 to
12 months of age (Vauclair & Bard, 1983; see Needham & Nelson, 2023, for a review) and continues
developing throughout the second year of life with the emergence of symbolic acts and construction
skills (Fenson et al., 1976; Marcinowski et al., 2019). In fact, we detected symbolic and construction
acts at all the tested ages (e.g., symbolic acts were present in approximately 11%, 47%, 13%, and
22% of infants across our four age groups—15-, 18-, 21-, and 24-month-olds, respectively). The fact
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that infants of various ages exhibited similar levels of spontaneous engagement in both simple and
complex combinations during play sessions suggests a continuity in developmental trajectories rather
than distinct age-related stages. Despite initial expectations based on previous literature, our study
highlights the early emergence and persistent presence of complex combinations across infancy,
underscoring the need for further investigation into the nuanced progression of cognitive and motor
skills during this critical period of development.

Consistent with previous work on imitation of play during the second year of life (Koterba &
Iverson, 2009; Williamson & Brand, 2014), we found an effect of type of demonstration; infants
exposed to complex combinations (i.e., pushing or pulling an object with another and inserting objects
into others or features of the play set) increased their level of combinatorial activity with respect to
their own baseline while the demonstration took place, and this effect persisted after the demonstra-
tion. In contrast, infants exposed to simpler object combinations (i.e., pushing an object with the finger
and scratching an object against the ground) did not significantly increase their propensity to either
imitate these actions or perform more complex combinations.

As mentioned earlier, it is frequently assumed that tool-related tasks are intrinsically more difficult
than non-tool tasks, and there is evidence supporting this in children (Meulman et al., 2013). Indeed,
success in our tool tasks was poorer than in tasks equated on goals, number of steps, and motor dex-
terity but not requiring tools. This extra difficulty could be due to many factors, including the need to
use an external object splitting attention between tool and goal, the need to identify the affordances of
the tool, and/or the need to integrate the control of the tool with control of one’s own body (Smitsman
& Corbetta, 2010). Another contributing factor is that the probability of discovering a solution through
random exploration is lower in tool tasks without necessarily requiring higher cognitive competence.
Tool tasks may be solved only if appropriate actions are performed in a correct sequence—grasping the
tool, placing it in contact with the target, and then moving the target object with it exploiting the
(folk) physics of solids’ interactions. In contrast, in non-tool tasks, random manipulation of bits of
the apparatus may lead to a solution, and reinforcement learning may do the rest.

This debate is consistent with the view that tool-related behavior (or “tooling”; Fragaszy &
Mangalam, 2018) may be fundamental for comparative cognition research not just because it requires
especially advanced cognition but also because it makes cognition more observationally accessible.
For example, Keen (2011) called tool use “a royal road to the study of problem-solving” (p. 2), arguing
that it more easily reflects infants’ capacity to reason about the task, and Bluff, Weir, & Rutz, 2007
wrote, “While tool-related behavior is not necessarily associated with unusually sophisticated cogni-
tion, it is likely to be unusually revealing about the cognitive processes and the level of understanding
involved in animals’ manipulation of physical objects” (p. 1).

In the current study, exposure to complex combinations did not lead to detectable differences in
performance in either tool or non-tool tasks. We also found no correlation between spontaneous
propensity to combine objects (i.e., before demonstration) and performance in the tasks. The absence
of a detectable effect of our brief demonstrations on problem solving is interesting but should not be
interpreted as children being refractory to social influences in this respect given that their sensitivity
may have been masked by a number of factors. For instance, although the number of combinations did
not vary much with age, performance in tool use improved. This would be in line with the sensorimo-
tor perspective on the development of tool use (Lockman, 2000; Lockman & Kahrs, 2017), which pos-
tulates that the motor origins of tool use are reaching maturity by the end of the first year of life.
Revealing a causal link between early combinatorial intensity and later problem-solving performance
in tool-related tasks may require longer longitudinal studies exploring combinatorial activity during
the second half of the first year in relation to tool use at the end of the second year. It is also possible
that there is no strong relation between object combinations and tool use until as late as the end of the
second year given that Gredlein and Bjorklund (2005) found that the amount of time boys spent in
object combinations (stacking or connecting objects together) during a free-play session did predict
performance in a tool choice task at 3 years of age.

It is also possible that inter-individual variance in combinatorial activity before demonstration
swamped the impact of experimental treatment given that combinatorial activity did predict
problem-solving performance in both tool and non-tool tasks when participants were pooled across
demonstration subgroups. Notice that this last result includes infants who combined more either
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by being prompted or spontaneously, that is regardless of demonstration subgroup. This highlights the
necessity, in the study of the development of learning, to take into account the interaction between an
infant’s own sensorimotor development and the social context of play activities, as stressed by
Wynberg et al. (2022).

The wider implication is that complexity of play may be a better predictor of means—end problem-
solving ability in general than of tool-use competence specifically, a possibility that is not exposed in
protocols using exclusively tool-related tasks (e.g., Gredlein & Bjorklund, 2005, although the authors
did mention that, based on other play variables, more advanced styles of play may reflect higher
advanced cognitive skills [p. 225]). Significantly for our current study, Pepler and Ross (1981) found
a link between diversity in the objects with which 3- and 4-year-old children played and the number
of strategies used to solve a set of problems. As noted by Riede et al. (2018), this shared diversity in
innovativeness and active exploration is associated with infants’ creativity, a cognitive trait likely to
affect various forms of reasoning. Taken together, our main result joins the growing body of literature
suggesting that early exploratory play correlates with cognitive development (Chu & Schulz, 2020;
Hutt & Bhavani, 1972; Muentener et al., 2018; Singer et al., 2006).

The fact that we found no sex differences in either object combinations or tool-use performance con-
trasts with studies reporting that 3-year-old boys spontaneously performed better than girls on a tool-
retrieval task (Chen & Siegler, 2000; Gredlein & Bjorklund, 2005). Gredlein and Bjorklund (2005) further
found that boys performed more combinatorial actions than girls, with a positive correlation between
tool-use performance and number of combinatorial actions. The authors proposed that sex differences
in play styles may have been selected over the course of human evolution to prepare boys and girls
for adult life in traditional environments. In our study, however, although boys performed significantly
more actions than girls, there was no sex difference in the propensity to combine objects—in terms of
either proportion or absolute quantity—and no difference in the nature of the combinations performed
(simple or complex). Given that the infants we tested were 12 to 18 months younger than children from
the above-cited experiments, two obvious candidate explanations emerge. Perhaps the sex biases in play
and tool use are indeed rooted in our evolutionary heritage, but they only develop after the onset of tool
use—that is, after the end of the second year of life. However, a major confounding factor is that older
children had more exposure to social and cultural environments, hence the reported differences may
reflect those environmental influences rather than evolutionary adaptations. As mentioned by
Lonsdorf (2017) in her review of behavioral sex differences in primates, distinguishing between biolog-
ical and social factors in human development poses a considerable challenge.

In summary, we found that complexity of play, measured by the propensity to combine objects
both spontaneously and by observation, predicts the capacity to solve means-end problems in general
rather than just tool-use competences. By linking infants’ spontaneous and socially influenced play
styles to their performance in a battery of tool and non-tool problem-solving tasks, our study aligns
with the approach to tool-use development that considers sensorimotor, social, and cognitive aspects
together. Isolating single factors influencing infants’ sociocognitive development can be very informa-
tive, but such factors act through their developmental interactions, and the relation between complex
object manipulations and tool-use competence might not be revealed until longer-term developmen-
tal studies become available.
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