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As children learn they use their speech to express words and their hands to gesture.
This study investigates the interplay between real-time gestures and speech as children
construct cognitive understanding during a hands-on science task. 12 children (M = 6,
F = 6) from Kindergarten (n = 5) and first grade (n = 7) participated in this study.
Each verbal utterance and gesture during the task were coded, on a complexity scale
derived from dynamic skill theory. To explore the interplay between speech and gestures,
we applied a cross recurrence quantification analysis (CRQA) to the two coupled
time series of the skill levels of verbalizations and gestures. The analysis focused on
(1) the temporal relation between gestures and speech, (2) the relative strength and
direction of the interaction between gestures and speech, (3) the relative strength and
direction between gestures and speech for different levels of understanding, and (4)
relations between CRQA measures and other child characteristics. The results show
that older and younger children differ in the (temporal) asymmetry in the gestures–
speech interaction. For younger children, the balance leans more toward gestures
leading speech in time, while the balance leans more toward speech leading gestures
for older children. Secondly, at the group level, speech attracts gestures in a more
dynamically stable fashion than vice versa, and this asymmetry in gestures and speech
extends to lower and higher understanding levels. Yet, for older children, the mutual
coupling between gestures and speech is more dynamically stable regarding the higher
understanding levels. Gestures and speech are more synchronized in time as children
are older. A higher score on schools’ language tests is related to speech attracting
gestures more rigidly and more asymmetry between gestures and speech, only for the
less difficult understanding levels. A higher score on math or past science tasks is related
to less asymmetry between gestures and speech. The picture that emerges from our
analyses suggests that the relation between gestures, speech and cognition is more
complex than previously thought. We suggest that temporal differences and asymmetry
in influence between gestures and speech arise from simultaneous coordination of
synergies.

Keywords: recurrence analysis, synergies, children’s learning, microdevelopment, cognitive development,
dynamic skill theory
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INTRODUCTION

How do children learn and develop understanding? How does
cognitive change arise? In developmental psychology, this is one
of the most intriguing questions, as evidenced by the considerable
literature on the topic (see for instance, Piaget and Cook,
1952; Sternberg, 1984; Perry et al., 1988; Siegler, 1989; Carey
and Spelke, 1994; Vygotsky, 1994; Thelen, 2000; Gelman, 2004;
Anderson et al., 2012; Van der Steen et al., 2014). In search
for the mechanisms behind cognitive development, the hands of
children have come up as a vital ingredient. As children learn
new things, or when they communicate or explain things, they
use both their speech for verbal utterances and their hands to
gesture (Goldin-Meadow et al., 1992; Anastas et al., 2011; Alibali
and Nathan, 2012).

Gestures and speech are coupled, and mostly they are well-
aligned, such that meaning expressed in gestures matches that
expressed in speech. However, sometimes gestures and speech
do not overlap, and a so-called gesture–speech mismatch occurs
(Church and Goldin-Meadow, 1986; Perry et al., 1992; Goldin-
Meadow, 2003). It has been demonstrated that during such
gesture–speech mismatches, people (children and adults) express
their cognitive understanding in gestures before they are able to
put them into words (Crowder and Newman, 1993; Gershkoff-
Stowe and Smith, 1997; Garber and Goldin-Meadow, 2002).
Gesture–speech mismatches are especially likely to occur when
a person is on the verge of learning something new. This makes
them a hallmark of cognitive development (Perry et al., 1992;
Goldin-Meadow, 2003), and shows that gestures and cognition
are coupled as well. In the literature the explanation for this link
has been attributed to gestures being a medium to express arising
cognitive strategies (Goldin-Meadow et al., 1993), to highlight
cognitively relevant aspects (Goldin-Meadow et al., 2012), to add
action information to existing mental representations (Beilock
and Goldin-Meadow, 2010), to simulate actions (Hostetter
and Alibali, 2010), to decrease cognitive load during tasks
(Goldin-Meadow et al., 2001) and to construct cognitive
insight (Trudeau and Dixon, 2007; Stephen et al., 2009a,b;
Boncoddo et al., 2010).

A conceptual framework which has been largely ignored in the
research on gestures, and which follows from the work by Iverson
and Thelen (1999), is that of synergetics and self-organization
dynamics introduced by Haken (1977/1983), Kugler and Turvey
(1987), and Kelso (1995). First of all, at the behavioral level,
gestures and speech are considered to be action systems (Reed,
1982) That is, they are functional units organized to perform a
specific task, like a hands-on science task in the present study.
In addition, at the coordination level, we argue that gestures
and speech form two coupled synergies. Within the context of
action control, a synergy is a temporarily stable task-specific
collective organization (Kelso, 1995), which emerges through
self-organization out of a large set of underlying components
distributed across body, brain, and environment.

To elaborate, gestures and speech require the precise
coordination of many different muscles, joints, neurons, as
well as related perceptual subsystems. Speech articulation, even
for the simplest utterances, involves well over 70 muscles in

the respiratory, laryngeal (‘voice box’) and pharyngeal (throat)
systems as well as of the mouth, the tongue, etcetera (Galantucci
et al., 2006; Turvey, 2007). Moreover, speech is highly attuned,
for instance, to auditory information, but also to vision (needed
for, e.g., interpersonal communication). Gesturing results from
the coordinated contractions of 10s of muscles in the shoulder,
upper arm, forearm, hand, and fingers of both upper limbs (Weiss
and Flanders, 2004), and involves a tight informational link to
proprioceptive as well as visual subsystems to stay attuned to
the environment. Synergies for speech and gestures consist of
several (overlapping) neural structures involved in information-
motor couplings, across the central nervous system. Cognitive
subsystems loosely associated with attention, memory and the
planning of movements will play a role in gestures as well as
in speech. Importantly, the gesture and speech synergies share
several of these underlying components, and their recruitment
will temporally overlap in any given task (cf. Wijnants et al.,
2012a).

During communication or the expression of thoughts and
ideas, the gesture and speech synergies synchronize to a high
degree (McNeill, 1992). This synchronization reflects that the
self-organizing process underlying the creation of both synergies
is able to recruit the underlying components in the service of
both gestures and speech adequately and synchronously. In fact,
because of the tight coupling of the gesture and speech synergies,
trying not to use either gestures or speech while communicating,
or to desynchronize them, proves to be detrimental for the other
(Goldin-Meadow et al., 2009). Moreover, Goldin-Meadow et al.
(2001) found that if children or adults do not gesture -either by
instruction or by choice- while they explain how they solved a
mathematical problem, they perform worse on recalling a list of
words or letters that they had to remember while they explained
the mathematical problem. Goldin-Meadow et al. (2001, p. 521)
conclude that “. . .gestures and speech form an integrated and,
indeed, synergistic system in which effort expended in one
modality can lighten the load on the system as a whole.”

From the perspective of synergetics and self-organization
dynamics, the decline in performance if one only speaks but does
not gesture should be related to suboptimal coordination of the
gesture and speech synergies. More generally, when demands
on the action systems increase, such as, for instance, in a
novel or challenging task, the synergies become relatively less
stable and less synchronized as compared to less challenging
tasks. Novel and challenging tasks often have several new and
(seemingly) conflicting task constraints. Since synergies are task
specific, different task constraints lead to different collective
organizations, competing for existence and the recruitment of
(shared) components. Following Wijnants et al. (2012a), who
studied synergetic control under conflicting task constraints
in the context of a Fitts task, we reason that the gesture–
speech mismatch in a novel task (Goldin-Meadow, 2003) resides
in a less optimal simultaneous organization and coordination
of the gesture and speech synergies. As a result, the usually
tightly coupled synergies of gestures and speech dissociate,
due to overlapping recruitment of the underlying components
involved, resulting in the observable gesture–speech mismatch.
Consequently, a gesture–speech mismatch can take different
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forms, such as instances in which gestures convey different
content than speech, in which there are only gestures but no
speech, and in which there is only speech but no gestures, similar
to what Goldin-Meadow et al. (2001) found.

Most studies examining the gesture–speech mismatch have
thus far focused on series of problem solving events in which,
across different trials with some time in between, children are
asked to solve a certain problem and explain their solution. These
studies have focused on children’s solutions to, for instance, a
series of mathematical equivalence problems (Alibali and Goldin-
Meadow, 1993), Tower of Hanoi-problems (Garber and Goldin-
Meadow, 2002), conservation tasks (Goldin-Meadow et al.,
1993), and gear solving tasks (Boncoddo et al., 2010). From
these studies, it appears that children show new problem solving
strategies by means of gestures in earlier trials, to be followed by
speech one or multiple trials later. A more detailed understanding
of how such patterns of gestures and speech arise, and how this
relates to our proposal of suboptimal coordination of synergies
and cognitive development, requires a study of children’s verbal
and non-verbal behaviors as they occur in real time (Pine et al.,
2007), that is, during a task, considering their temporal order and
coupling. The current study investigates the non-linear, dynamic
interplay of children’s gestures and speech as they construct their
cognitive understanding during a hands-on science task. Analysis
tools will be employed which allow us to quantify the process
of dynamic attunement between speech and gestures across all
possible time scales during the task.

The current focus on the coupled dynamics of gestures and
speech as it occurs in the moment and across time scales
resonates with the relatively recent call for microgenetic studies to
investigate the process (rather than just the outcome) of cognitive
development (e.g., Grannot and Parziale, 2002; Siegler, 2006;
Flynn et al., 2007; Van der Steen et al., 2012; Cox and Van
Dijk, 2013). These microdevelopmental studies are exponents of
the complex dynamical systems approach to behavior, cognition,
and development (Van Geert, 1998, 2003, 2011; Smith and
Thelen, 2003). This approach aims to infer the “why” and
“how” of development (Thelen and Corbetta, 2002), using the
language of complex dynamical systems: multi-causality, self-
organization, variability, stability, non-linearity and so on, and
the accompanying data-analytical tools.

To explain these terms in short, multi-causality pertains to the
notion that development cannot be ascribed to one component
or level of the developing system, but instead emerges from
the continuous interaction of all the levels of the developing
system (Thelen and Smith, 2007). Self-organization means that
patterns and order emerge from the continuous interaction of
all levels of the developing system, without external interference.
Variability and stability follow from self-organization, as both
variable and stable behavior occur within a developing system.
For new stable behavior, i.e., new patterns, to emerge, a system
typically displays variable behavior before settling in a new, more
stable, pattern. Variability is thus a hallmark of developmental
change. Moreover, this indicates that development is inherently
non-linear, with periods of stable and variable behavior (Van
Geert, 2008). Multicausality, self-organization and variability are
also mechanisms that are apparent in our proposal that diverse

components coordinate to form the synergies of gestures and
speech, and that the dynamics within and between the synergies,
under certain conditions, result in gesture–speech mismatches.

Dynamic skill theory is a theory of cognitive development
encompassing dynamical system principles (Van Geert and
Fischer, 2009). It provides a model that allows researchers
to structurally investigate processes of cognitive development
(Fischer, 1980; Fischer and Bidell, 2006). Dynamic skill theory
states that the development of cognitive skills — defined as
actions and thinking abilities, which includes verbalizations and
gestures — proceeds through a series of hierarchically, ordered
levels. That is, the development of cognitive skills follows a
structure in which higher-order skills are constructed of a
combination of skills at lower levels. According to dynamic
skill theory, skills develop through a series of 10 levels, divided
over three tiers, although not in a simple linear fashion (see
below). The first tier is the sensorimotor tier, which consists
of perceptions, actions and observable relations between these
perceptions and actions. The second representational tier goes
beyond the observable relations between actions and perceptions,
although still restrained to concrete situations. The last tier,
abstractions, includes non-concrete rules that apply in general
(Schwartz and Fischer, 2004). Each tier consists of three levels,
single sets, mappings (relations between single sets), and systems
(relations between mappings).

In accordance with the notion of nested timescales, which
implies that development occurs at different, though tightly
interconnected timescales, the levels as distinguished by dynamic
skill theory are applicable to both macro (long term) and micro
(short term) development (Schwartz and Fischer, 2004; Fischer
and Bidell, 2006). This means that people also go through these
levels on the short-term time scale, for example during a new
task, in a non-linear fashion, so that drops, spurts and stable
periods in understanding occur (Van der Steen et al., 2012). This
makes this theory particularly suitable for detailed, within-task
dynamical analyses. Furthermore, dynamic skill theory provides
a structure in which the concepts expressed in and constructed by
gestures and speech can be compared, as it can be applied to both
actions and verbalizations (Granott et al., 2002; Hoekstra, 2012).
Lastly, dynamic skill theory’s model can grasp meaningful intra-
individual variability on the short term timescale, by allowing
for fluctuations in cognitive understanding during a single task,
as well as the (sometimes differing) levels displayed by gestures
and speech. This intra-individual variability has been linked to
learning and transitioning to a higher (cognitive) level (Van Geert
and Van Dijk, 2002; Yan and Fischer, 2002; Goldin-Meadow,
2003; Schwartz and Fischer, 2004; Van Geert and Steenbeek,
2005; Siegler, 2007). Although it has never been studied explicitly,
understanding at the level of the sensorimotor tier might lead
to a different interplay of gestures and speech, compared to
understanding at the level of the representational tier.

As learning is an inherently non-linear process (Van Geert,
2008), and intra-individual variability in cognitive understanding
and strategies is a hallmark of transitioning to more advanced
levels, non-linear time-series methods are needed to investigate
these processes. One such method is recurrence quantification
analysis (RQA; Webber and Zbilut, 2005; Marwan et al., 2007).
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RQA originates from the study of natural systems, and has
recently been applied to the study of human behavior and
development (e.g., Shockley et al., 2002; Aßmann et al., 2007;
Wijnants et al., 2009, 2012b). RQA is based on the detection and
quantification of recurrent (i.e., repeatedly occurring) behavioral
states, one of the most fundamental and important properties of
dynamic systems. By using RQA and the notion of recurrence,
measures of interest in a dynamic analysis of the behavior
of a system, such as stability, regularity, and complexity can
be retrieved from the time series. For a full overview of
the RQA method, see the paper by Marwan et al. (2007),
and for a useful guide to applying it see the chapter by
Webber and Zbilut (2005).

A methodological advancement of RQA, cross-recurrence
quantification analysis (CRQA; Zbilut et al., 1998; Shockley et al.,
2002; Marwan et al., 2007) will be used in this paper to study
the interplay of gestures and speech. With CRQA, the shared
dynamics of two coupled systems, such as, for instance, parent-
child dyads (Dale and Spivey, 2006; De Graag et al., 2012;
Lichtwarck-Aschoff et al., 2012; Cox and Van Dijk, 2013), staff-
client dyads (Reuzel et al., 2013, 2014) and adult dyads (Shockley
et al., 2003; Richardson and Dale, 2005; Richardson D.C. et al.,
2007; Richardson M.J. et al., 2007; Louwerse et al., 2012) can be
studied. In CRQA, recurrence is generally defined as some match
of behavioral state in the two systems under study. In RQA and
CRQA alike, recurrence is not confined to states at exactly the
same moment, but it is also noted when these particular matching
states occur in the systems at either an earlier or later point in
time, in fact across all possible time scales. These time scales
range from the smallest time scale of the sample rate (seconds),
to the duration of the entire observation. Linear tools fall short
to fully capture the underlying dynamics of the cognitive system,
which is fundamentally non-stationary and non-linear, as well as
continuously attuning to a changing environment. Recurrences
of system trajectories, on the other hand, can provide important
clues as to the system from which they derive, in this case, the
cognitive system (cf. Marwan and Webber, 2014).

To summarize, children’s use of gestures and speech is known
to be informative about their cognitive capabilities, which change
on a developmental time scale (Goldin-Meadow, 1998). As we
have argued above, synergetic control and synergetic competition
form a valuable explanatory framework for this research topic,
which might lead to novel insights. As synergies are reflected in
the dynamic organization of behavior (cf. Stephen et al., 2009b),
we will analyze children’s gestures and speech as they construct
understanding in real time. To this end, CRQA will be applied
to the two time series of skill levels (based on dynamic skill
theory) displayed in children’s gestures and speech, while they
are working on an educational science task. The main research
question of this study is: how is the leading role of gestures over
speech in children’s cognitive change, as reported in previous
studies, related to and reflective of an underlying dynamic
interplay between gestures and speech during task performance?
Research outcomes will pertain to the dynamic attunement of
gestures and speech, focusing, for instance, on their temporal
relation, leader-follower hierarchy, and asymmetric coupling.
Furthermore, the dynamic interplay between gestures and speech

during task performance will be related to age and more general
measures of performance outside the task. Specific research
questions, hypotheses, and their rationale will be given after
a more detailed introduction of recurrence procedures and
the derived measures of dynamic organization in the Section
“Materials and Methods.”

MATERIALS AND METHODS

Participants
For this study, the data of 12 Dutch children, six boys and
six girls, were analyzed. The participants took part in a larger
longitudinal project (see Van der Steen, 2014), and were on
average 39.1 months old (SD= 3.8) at the start of the longitudinal
data collection. In this larger study, children individually worked
on scientific tasks about air pressure and gravity, under guided
supervision of a researcher, in 4-months intervals. All children
were recruited at their daycare centers or (pre)schools by asking
their parents for a written consent. Parents were told about
the nature of the study (children’s longitudinal development
of scientific understanding), but not about the specific tasks
that were administered. The study was approved by the ethical
committee of the Psychology Department of the University of
Groningen.

For the current study, we chose to analyze children’s
(non)verbal behavior during an air pressure task administered at
the sixth measurement (see below). We chose this task because
the task protocol gradually builds up to a wrap-up question in
which children are able to show their understanding of the task at
that point. Our sample included five children from kindergarten
(M = 57.2 months, SD = 2.2 months), and seven children from
first grade (M = 69.4 months, SD = 4.4 months). Table 1 gives
an overview of characteristics of each child, including children’s
early math- and language-scores on standardized tests from a
national pupil-monitoring system that the children performed in
kindergarten. These tests are administered twice a year to keep
track of primary school children’s progress on the subjects math
and (Dutch) language. For the Kindergarten tests, children are
asked to count, classify objects and phrase words. Scores can
range from 1 to 5, with 1 as the lowest and 5 as the highest
attainable score. In addition, Table 1 provides children’s average
skill level score during the past five measurements, as measured
in their verbalizations.

Procedure
During the task, researcher and child were involved in a natural
hands-on teaching–learning interaction. An adaptive protocol
was constructed, which guaranteed that all children were asked
the basic questions reflecting the core building blocks of the
task and the incorporated scientific concepts (see Van der Steen
et al., 2012 for an excerpt of an interaction). At the same time,
the protocol left enough space for children to take initiative
and manipulate the material. The researcher started by showing
the task material to the child, asking about its purpose and
functioning. The child was then encouraged to explore the
material, while the researcher asked questions, such as “What do
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TABLE 1 | Overview of characteristics of the 12 participating children.

Child Grade Age (months) Math-score Language-score Average score past tasks

1 KG 58 5 – 2.65

2 KG 55 5 5 2.27

3 KG 60 2 3 0.77

4 KG 58 5 5 2.55

5 KG 55 5 4 2.45

6 1 64 4 5 2.31

7 1 64 5 5 2.56

8 1 69 4 4 2.42

9 1 76 4 4 2.27

10 1 69 3 3 1.98

11 1 73 4 4 2.75

12 1 71 5 5 2.79

Mean – 64.3 4.25 4.27 2.32

you think we should use this for?” Furthermore, the researcher
was allowed to provide guidance by asking follow-up questions,
encouraging the child to try out his/her ideas using the material,
and by summarizing the child’s findings or previous answers. The
guidance never included statements indicating whether the child
was right or wrong. We analyzed the interaction until the child
answered a ‘wrap-up’ question (“After investigating all of this,
can you now explain how this device works?”), after which the
protocol prescribed the researcher to start with another topic.
This part of the interaction (from the first question until the
‘wrap-up’ question) took 5–12 min (on average a little over
8 min). All interactions took place within children’s schools,
always guided by the same researcher, and were recorded on
video.

Materials
The task explored was called the “air canon,” specifically designed
for this study. It was designed to let children explore how air
pressure can be used to set materials in motion, and how air can
be temporary stored in a balloon and released to have an even
bigger impact on objects. The task consisted of wood, garden
sprinkler parts, a transparent drainage tube, a gutter made from
part of a room divider, a ball pump, balloon, and ping-pong balls
(see Figure 1). There are three (sprinkler) taps on this device, one
to (dis)connect the air pump, one to (dis)connect the balloon,
and one to (dis)connect the drainage tube. Through questioning
and exploring, children realize they have to open some taps (and
close others) to make the canon work. There are two ways to
shoot a ping-pong ball down the tube: (1) simply opening the taps
connected to the pump and tube (closing the tap to the balloon),
and repeatedly pumping, and (2) by inflating the balloon first
(closing the tap to the tube), and then releasing the air into the
tube. The colors on the wood serve as a measuring device to see
how far the ball goes.

Analysis
Coding Procedure
The interactions were first coded for children’s verbal utterances,
and then for gestures/task manipulations. Both coding systems

FIGURE 1 | The “air canon” and a close-up of the pump mechanism of
this task.

are described in more detail in the Appendix. The verbal
utterances were coded in four steps using the computer program
MediaCoder (Bos and Steenbeek, 2006). We started with the
determination of the exact points in time when children’s
utterances started and ended. The second step involved the
classification of these verbal utterances into categories (e.g.,
description, prediction, explanation). As a third step, meaningful
units of the child’s coherent task-related utterances were formed,
so that utterances (sentences) about the same topic with only a
short break in between were joined together for the fourth step. In
this fourth and final step, the complexity of the child’s verbalized
understanding within a unit was determined, using a scale based
on Dynamic skill theory. The dynamic skill levels ranged from
the levels of the sensorimotor tier to single abstractions, with
levels of the representational tier in between. For example, at
the first level of the sensorimotor tier (level 1), the child states
a single characteristic of the task, such as “This tube is long.”
At the first level of the abstract tier (level 7), the child mentions
an abstraction that goes beyond the material, for example a
statement about air pressure in general. This range of levels
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(1–7) approximately corresponds to the attainable levels for the
children’s age (see Fischer and Bidell, 2006). Only utterances
that displayed correct characteristics or possible task operations
or mechanisms were coded as a skill level. This verbal coding
procedure is explained in more detail elsewhere (Van der Steen
et al., 2012, 2014).

In order to make sure that the codes of verbal utterances
were reliable, a standardized codebook was used. For each step
of coding, three raters went through a training of coding three
video fragments of 15 min and compared their codes with those
of an expert-rater (who constructed the codebook and training).
The codes of the third fragment were compared to the codes of
the expert-rater and a percentage of agreement was calculated.
The reliability of the percentage of agreement is based on Monte
Carlo permutation testing. The codes of one of the raters were
shuffled 1000 times, so that the order of the codes became
random. The p-value is the amount of times that the percentage
of agreement of the shuffled codes was the same (or higher)
as the empirical percentage of agreement, divided by the times
that the codes were shuffled (1000). On average, the empirical
percentage of agreement was: categories: 87% (range: 81–93;
p < 0.01), combining verbalizations into units: 93% (range:
89–96; p < 0.01), and level of understanding: 90% (range: 83–95;
p < 0.01).

The child’s gestures and task manipulations (hereafter:
gestures) were coded independently from the verbal utterances.
The coding procedure for gestures also involved multiple
steps. During the first step, the exact point in time when
a gesture started and ended was determined, along with a
broad categorization of the gesture into the categories short
answers, representations/manipulations, and emblems (such as
“thumbs up”). For the second step, the broad categories
of the first step were refined to more specific categories.
For example, short answers were allocated to nodding yes,
shaking no, etc., representations/manipulations were split into
characteristic (such as representing ‘hard’), movement (such
as representing ‘fast,’ or the course of a ball), representation
(such as representing relations among different objects), while
emblems were kept undifferentiated. The third and last step
involved assigning levels of complexity, based on Dynamic skill
theory (similar to how the verbal utterances were coded), to all
representations/manipulations. For more details about the gesture
codebook, see the Appendix, and Hoekstra (2012).

To ensure reliable coding of children’s gestures, two raters
coded four training video fragments of 10 min independently,
while following the standardized codebook, and their percentages
of agreement were calculated for each step of coding. The
reliability of the percentages of agreement was based on Monte
Carlo permutation testing, like for the coding procedure for
verbal utterances. On average, the percentages of agreement
was: 97% (range: 94–100; p < 0.01) for the first step (broad
categorization), 86% (range: 78–91; p < 0.01) for the second step
(refined categories), and 92% (range: 88–98; p < 0.01) for the
third step (level of complexity).

Time Series
Before performing CRQA on the data, the codes of the video
fragments were transformed into a time series of the skill levels
of speech, and a time series of the skill levels of gestures, with a
sample rate of 1 s. If there was no event (i.e., no skill level), this
was indicated with a 0 in the time series. In Figure 2, the time
series of skill levels of gestures and skill levels of speech of one
of the children in our sample is depicted. In order to be able to
distinguish the lines in Figure 2 clearly, only the first 300 s of the
392 s in total are displayed.

Cross Recurrence Quantification Analysis
For categorical data, CRQA starts by plotting in a plane (called
the cross recurrence plot, CRP, see Figure 3) all congruent
appearances of some pre-specified matching values within a
pair of time series, by putting one of the time series along the
horizontal axis and the other along the vertical axis. Specifically,
the CRP represents all those instances when the behavioral
state of one subsystem (e.g., skill level in verbalization) at
some moment in time is matched by the behavioral state of
another subsystem (e.g., skill level in gesture) at the same
or any other moment in time during the observation. These
instances are depicted as colored dots in the CRP, which are
canonically referred to as ‘recurrent points.’ From the spatial
layout of these colored dots, several recurrence measures can
be derived (see below). These CRQA-measures reveal hidden
structure concealed in the shared dynamics of the two interaction
subsystems (speech and gestures) across all possible time scales,
which is informative about the dynamic organization of the
cognitive system. Figure 3 illustrates the CRP of gestures and
speech for the same child as the time series in Figure 2. The CRPs

FIGURE 2 | Time series of skill levels of gestures and speech of one child (boy, 55 months).
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FIGURE 3 | Cross recurrence plot (CRP) of one child (boy, 55 months).

of the other children are available as supplementary materials. In
this study, matching states (i.e., recurrent points) are defined as
same-tier skill levels, and are color-coded in the CRP as follows:
blue dots represent instances in which gestures and speech both
display a skill level from the sensorimotor tier (i.e., skill levels
1, 2, or 3). Red dots represent instances in which the skill
levels as displayed by gestures and speech are both from the
representational tier (i.e., skill levels 4, 5, or 6). Finally, yellow
dots in the CRP represent a gesture–speech recurrence of the
highest, abstract tier (i.e., skill level 7). The latter did not occur
in our sample and these recurrences will therefore not appear in
the analysis.

In Figure 3, the green diagonal line is the LOS, on which
recurrent points have a delay of 0 s. These represent instances
when both speech and gestures display a skill level from the same
tier at the exact same time. The percentage of recurrent points
on this line is called the percentage of synchrony (%Sync), which
is a measure of linear static synchrony of the two subsystems.
The recurrence rate (RR) is a measure depicting the proportion
of recurrent points in the entire CRP. Hence, RR reflects the
extent to which behaviors of one subsystem are matched by those
of the other subsystem across all possible time scales, from the
high end determined by the sample rate of 1 s, up until the low
end determined by the duration of the observation. As such, RR
is a basic measure of the coupling and coordination of the two
subsystems. In the CRP of Figure 3, the skill-level time series
of gestures is plotted on the vertical axis and the skill-level time
series of verbalizations on the horizontal axis. This means that all
colored dots above the LOS represent instances in which a skill
level expressed in speech earlier in time is matched by same-tier
skill level expressed in gestures at a later moment. Congruously,
colored dots below the LOS represent instances in which skill

levels from the same tier are displayed by gestures at an earlier
moment and matched by speech later.

As can be seen in Figure 3, most colored dots in the
CRP align to form block and line structures. Generally, such
structures indicate instances where behaviors which are briefly
expressed by one subsystem are accompanied by episodes of
lingering in the matching behavior by the other subsystem.
This provides information about the shared dynamics of the
gesture–speech interaction, and specifically about the strength
and direction of the coupling between the two subsystems, as
we shall demonstrate (see Cox et al., 2016). Thus far, research
using CRQA has focused on diagonal and vertical lines. However,
notice how the line structures in the CRP stretch into the
horizontal and vertical direction (and not diagonal), which is
quite common for categorical time series. Analysis of the diagonal
lines and the associated measures will therefore not be discussed
here.

The different directions of the line structures (vertical and
horizontal) provide differential and complementary information
about the coupling between the two subsystems represented
by the time series along the axes. For instance, a vertical
line structure in the CRP (Figure 3) means that a brief skill-
level expression in speech is followed (above LOS) or preceded
(below LOS), with some delay, by a much longer same-tier skill
level expression in gestures. Similarly, horizontal line structures
represent instances in which a skill level that is expressed briefly
in gestures, is followed (below LOS) or preceded (above LOS)
by a much longer same-tier skill level in speech. More generally,
line structures represent instances in which shortly expressed skill
levels from a certain tier in one subsystem ‘trapped’ the other
subsystem in a lingering same-tier expression for some time. In
this study we will relate them to the relative strength and direction
of the gesture–speech coupling, such that vertical line structures
reflect the extent to which speech subsystems influence gestures,
whereas horizontal line structures reflect the extent to which
gestures subsystems influence speech.

To capture the asymmetric dynamic attunement between
gestures and speech, we performed anisotropic CRQA (Cox et al.,
2016), by calculating recurrence measures for the horizontal and
vertical line structures separately and comparing them. The first
measure derived from the line structures is ‘Laminarity,’ defined
as the proportion of recurrent points that are part of a vertical
(LAMV) or horizontal (LAMH) line structure. Laminarity reflects
the degree to which subsystems are trapped into expressing a
same-tier skill level for some period of time. LAMV depicts how
much gestures constitute larger structures of points in the CRP,
whereas LAMH does so for speech. Second, ‘Trapping Time’ is the
average length of either the vertical (TTV) or horizontal (TTH)
line structures. TT is measured in units of time and estimates how
long subsystems are, on average, trapped in a specific state. In our
study, the higher TT is, the longer a same-tier skill level from one
time series lingers in the other one. If TTV is high, gestures tend to
be trapped in relatively long periods of same-tier skill levels that
are also expressed by speech at some point, and for high TTH
speech tends to be trapped in relatively long periods of same-
tier skill levels that are also expressed by gestures at some point.
Finally, ‘Maximum Line’ also gives information about duration
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of line structures, with MaxLV the length of the longest vertical
line and MaxLH the length of the longest horizontal line. In other
words, MaxL measures the duration of the longest same-tier skill-
level expression for speech and gestures. High MaxLV means that
gestures are trapped in a single tier of skill levels, and MaxLH
means that speech is trapped strongly in a single tier.

These three measures have been related to behavioral rigidity
and regularity in previous studies (De Graag et al., 2012; Cox
and Van Dijk, 2013). Accordingly, in the present study, we
will interpret the CRQA-measures of horizontal and vertical
line structures as ‘differential’ rigidity of speech and gestures,
respectively. In addition, the relative size of these measures
informs about the relative strength and direction of the coupling
between speech and gestures.

LOS-Profile Analysis
Besides analyzing the global structure of the recurrence plot, we
will also look in more detail at several recurrence measures within
a smaller time window around the LOS (see, e.g., Richardson
and Dale, 2005; Reuzel et al., 2013, 2014). Figure 4 depicts the
so-called LOS profile of an interval of 60 s on each side of the
LOS, derived from the CRP in Figure 3. The LOS profiles of
the other children are available as supplementary materials. The
interval of 60 s above and below the LOS is chosen intuitively, so
as speech and gestures can either lead or follow each other with
a maximum delay of 1 min. In Figure 4, the position of the LOS,
corresponding to a delay of 0 s, is indicated with a green line. The
LOS profile is drawn ‘from the perspective’ of gestures, in that a
positive delay indicates instances of recurrence in which gestures
are ahead of speech in time (blue area), whereas a negative delay
indicates instances in which speech is ahead of gestures (yellow
area). The orange envelope curve represents the RR at each delay;
this delay is called τ (RRτ ; see, e.g., Marwan et al., 2007).

Several measures can be derived from this LOS profile, which
inform about the coordination of the two subsystems within the
chosen interval of 2 min around the LOS. Firstly, in Figure 4 the
RR shows a clear peak of around 0.09 at a delay of 16 s. This
maximum recurrence rate, defined as the highest proportion of
recurrent points within the LOS profile, is called RRpeak, and is
indicated with the blue line in Figure 4. The distance of this peak
from the LOS (in seconds), or in other words, the delay of RRpeak,

is called τpeak, and is indicated with the red arrows. Please note
that τpeak, with a value of 16 s, is also visible in Figure 2, as
the skill levels displayed in gestures are clearly ahead in time of
the skill levels displayed in speech. An example of what a match
between gestures and speech with a delay of 16 s could be is: with
his hands, a boy depicts that if you turn a switch, the ball will
roll down the tube (level 3, tier 1). Around 16 s later, he says:
“It [the ball] rolls, because it is round” (level 3, tier 1). The final
measure that we can derive from the LOS profile is QLOS. QLOS is
the total proportion of recurrent points at the left side of the LOS
(yellow area), divided by the total proportion of recurrent points
at the right side of the LOS (blue area). If QLOS is lower than 1,
this indicates that gestures are generally leading speech in time,
whereas a QLOS with a value higher than 1 indicates the opposite.

Research Questions and Hypotheses
The research question of the current study is: does the leading role
of gestures over speech in children’s cognitive change, as reported
in previous studies, arise from and reflect an underlying dynamic
interplay between gestures and speech during task performance?
To answer this general question, four specific research CRQA
questions and corresponding hypotheses were formulated, which
will be introduced below.

Research Question 1
The first research question is: what is the temporal relation
between gestures and speech, with regard to the displayed (skill)
level of understanding? Studies thus far demonstrated that,
across tasks, children express their cognitive insights in gestures
before they are able to put them into words (Crowder and
Newman, 1993; Gershkoff-Stowe and Smith, 1997; Garber and
Goldin-Meadow, 2002). Here we will investigate whether these
results can be extrapolated to a smaller (i.e., within-task) time
scale, and whether theoretical claims of previous studies can
be corroborated and possibly extended to the perspective of
gesture–speech mismatches as originating from the suboptimal
simultaneous coordination of the gestures- and speech synergies.
To this end we performed LOS-profile analysis on the gesture–
speech interaction. The associated measures should display a
significant asymmetry in the amount of recurrence around the
LOS (QLOS) and display a recurrence peak (RRpeak) at some delay

FIGURE 4 | LOS (line of synchrony) profile plot of one child (boy, 55 months).
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(τpeak) in the blue area of children’s LOS profile (see Figure 4),
indicating a leading role of gestures on speech.

Research Question 2
The second research question is: what is the relative strength
and direction of the interaction coupling between the gesture
and speech subsystems? For this we looked at LAM, TT, and
MaxL for both vertical and horizontal line structures, across the
entire CRP. The mutual, ongoing, possibly asymmetric influence
between gestures and speech will be visible in the CRP by the
isentropic patterns of colored line structures representing same-
tier skill levels. Accordingly, we expect vertical and horizontal
LAM, TT and MaxL, and especially their differences, to inform
us about the coupled dynamics of gestures and speech, and its
potential asymmetry with regard to strength and direction.

Research Question 3
The third research question is closely related to the second,
but focused on the specific skill-level tiers: what is the relative
strength and direction of the interaction between gestures and
speech for the different levels of understanding (i.e., skill-level
tiers)? To investigate this, two CRPs were analyzed and compared
for each child. The first CRP only displayed matches of gestures
and speech of a skill level from the sensorimotor (S-)tier (i.e.,
levels 1, 2, or 3), while the second CRP only displayed matches
of a skill level from the representational (R-)tier (i.e., levels 4, 5,
or 6). Subsequently, vertical and horizontal LAM, TT, and MaxL
were calculated from these CRPs, and compared on the group
level. Furthermore, to capture the relative strength and direction
of the coupling, that is, the asymmetry between gestures and
speech within a child, we calculated a relative difference score
for each measure, for each child. This relative difference score
is defined as the standardized difference between the measures
derived from the vertical lines minus the measures derived from
the horizontal line, as follows: V-HLAM was calculated as LAMV –
LAMH (LAM is a proportion and can readily be compared),
V-HTT as (TTV – TTH)/(TTV+TTH), and V-HMaxL as (MaxLV –
MaxLH)/(MaxLV + MaxLH). A model simulation by Cox et al.
(2016) of the relation between relative difference in coupling
strength and relative difference in horizontal and vertical line
measures showed a strong association between relative coupling
strength and the difference between LAM and TT, but not for
MaxL. The relative difference scores of the S- and R-tier scores
were also compared on a group level.

There are two reasons to expect dynamic differences in the
gesture–speech interaction for different levels of understanding.
First, as explained, skill levels from the sensorimotor tier
include expressions about perceptions, action, and observable
relations between these perceptions and actions, whereas skill
levels from the representational tier are assigned to expressions
that go beyond these observable actions and perceptions.
Previously, the link between gestures and cognition has been
assigned to gestures adding action information to existing
mental representations (Beilock and Goldin-Meadow, 2010) and
gestures simulating actions (Hostetter and Alibali, 2010). This
presumed close relation between actions and gestures might
culminate in a different interplay between gestures and speech

at the sensorimotor tier compared to the representational tier.
Also, more complicated levels of understanding are likely to
arise when the task is complicated, that is to say, when children
perceive the task to be more challenging. A challenging task
might trigger learning, and previously it has been shown that
gesture–speech mismatches tend to occur when a child is on
the verge of learning something new (Goldin-Meadow, 2003). As
described earlier, we suggest that gesture–speech mismatches in
a difficult, new and/or challenging task, arise from suboptimal
simultaneous coordination of the gesture and speech synergies.
When this suboptimal simultaneous coordination happens, the
tight coupling between the action systems breaks down and
becomes less dynamically stable and strong than for a less
challenging task. Together we are inclined to expect that vertical
and horizontal LAM, TT, and MaxL will show different patterns
of values at different levels of understanding.

Research Question 4
The final research question is: how are the measures of
coordination between gestures and speech subsystems related to
more stable child characteristics and school outcome measures,
such as age and general level of cognitive performance? Children’s
use of speech and gestures is known to change over time (Goldin-
Meadow, 1998). These changes are necessarily reflected in the
dynamic organization of gestures and speech. Furthermore, as
there is a link between gestures and cognition (Perry et al., 1988),
children’s general level of cognitive performance is also expected
to be related to this dynamic organization. We investigate
these possible relations by calculating correlations between Age,
Math score, Language score, and Average skill level across the
previous five interactions with the researcher and the LOS-profile
measures (%Sync, RRpeak, QLOS, and τpeak), the CRQA-measures
(RR, LAMV, LAMH, TTV, TTH, MaxLV, and MaxLH) derived
from the sensorimotor and representational tier, and the relative
difference scores (V-HLAM , V-HTT , and V-HMaxL) for each of the
tiers.

Monte Carlo Analysis
Throughout the Section Results, p-values for differences between
two measures were calculated by using Monte Carlo permutation
tests (Todman and Dugard, 2001), which enabled us to reliably
obtain significance levels with this relatively small sample
(Ninness et al., 2002). Using this procedure, the probability that
an empirically observed difference can be found was repeatedly
calculated, in this case 1000 times, each time using a random
distribution of the original data. If the average probability that
the difference occurs in these random samples was small (i.e.,
<0.05), we concluded that there is an actual difference present
in the empirical data, which cannot be simulated using random
samples, and hence, was not caused by chance. When a Monte
Carlo permutation test was used to compare two values, we
also calculated the effect size in the form of Cohen’s d, that is,
the observed difference divided by the pooled SD. A value of d
between 0.2 and 0.3 is generally considered to be small, a value
around 0.5 as medium, and a value of 0.8 and higher as large
(Cohen, 1988).
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RESULTS

Research Question 1: What is the
Temporal Relation between Gestures
and Speech, in Terms of their Displayed
Skill Level?
For the first research question we expected that the LOS-profile
analysis measures would display a significant asymmetry in the
amount of recurrence around the LOS (QLOS) and display a peak
in the recurrence (RRpeak) at some delay (τpeak), indicating a
leading role of gestures on speech. An overview of the values for
QLOS, RRpeak, and τpeak in our sample can be found in Table 2.
As described in the Section “Materials and Methods,” if QLOS
is lower than 1, this suggests that gestures are leading speech
in time. In our sample, QLOS ranged from 0.48 to 1.78, with
an average of 1.08 which was not significantly higher than 1
(p = 0.72). The average QLOS (M = 0.86) of the children in
Kindergarten was lower than the average QLOS (M = 1.24) of the
children in first grade (p = 0.04, d = 0.90). This suggests that
the gesture–speech dynamics had an opposite temporal pattern
in the two age groups, with a leading role for speech for the first
graders.

The observed RRpeak should exceed chance level, that is, there
should be a real peak in the profile, for the observed τpeak to make
any sense. To verify this, a Monte Carlo procedure was performed
to assess whether children’s observed RRpeak significantly differed
from chance. This was the case for all children in our sample (all
p-values < 0.01), except for child 3 (p = 0.63). Therefore τpeak
of child 3 was not included in the subsequent analyses of this
research question. On average τpeak was 6.09 within the group,
which was significantly higher than 0 (p = 0.03), indicating
that gestures were ahead of speech in time. The average τpeak
of children in Kindergarten (M = 18) differed from that of the
first graders (M = −0.71; p < 0.01, d = 2.22). In addition,
the average τpeak of children in Kindergarten was significantly
higher than 0 (p < 0.01) and the average τpeak of children
in the first grade was significantly lower than 0 (p < 0.01).

This is conform the earlier result (above), meaning that for the
younger children in our sample gestures were ahead in time
of speech (18 s on average), whereas, oppositely, gestures were
behind in time of speech (0.71 s on average) for the older
children.

Research Question 2: What is the
Relative Strength and Direction of the
Interaction between the Gesture and
Speech Subsystems?
See Table 2 for an overview of LAM, TT, and MaxL for
both vertical and horizontal line structures. LAMV ranged
from 0.893 to 1.000 (M = 0.975), which means that 89.3–
100% of the recurrent points comprised vertical line structures.
TTV ranged from 3.2 to 8.3 (M = 5.8), indicating that the
average vertical lines in the recurrence plot consisted of 3.2–
8.3 recurrent points. This reflects that gestures were trapped
into same-tier skill-level episodes with average durations between
3 and 8 s for the different children. MaxLV ranged from 5
to 26 (M = 17.6), which means that the maximum length
of a vertical line in an individual recurrence plot ranged
from 5 to 26 recurrent points. In other words, the maximum
episode of gestures being trapped into a same-tier skill level
lasted between 5 and 26 s. Calculations of the horizontal line
structures revealed that the extent to which speech is trapped
into displaying the same-tier skill level was somewhat less, with
LAMH ranging from 0.624 to 0.924 (M = 0.805), TTH ranging
from 2.3 to 5.5 (M = 3.7), and MaxLH ranging from 3 to
27 (M = 9.2). At the group level, LAMV, TTV, and MaxLV
were higher than LAMH, TTH, and MaxLH, respectively (all
p-values < 0.01; dLAMV > LAMH = 2.01; dTTV > TTH = 1.72;
dMaxLV > MaxLH = 1.31). Interestingly, this is true for all children
for LAM and TT, and for 9 out of 12 children also for MaxL.
This finding clearly suggests an asymmetric dynamic attunement
of gestures and speech, with gestures relatively more regularly
and more rigidly displaying the same-tier skill level compared to
speech.

TABLE 2 | Overview of LOS-profile measures and CRQA-measures of all 12 childrens.

LOS profile analysis measures CRQA-measures over entire CRP

Child Grade QLOS RRpeak τ peak RR LAMV LAMH TTV TTH MaxLV MaxLH

1 KG 0.46 0.056 18 0.013 0.986 0.910 5.2 3.4 21 7

2 KG 0.58 0.089 16 0.019 0.996 0.885 6.4 3.8 19 10

3 KG 0.91 0.015 – 0.004 0.968 0.687 4.3 2.6 12 3

4 KG 0.98 0.076 2 0.011 1.000 0.885 7.4 5.1 26 11

5 KG 1.31 0.012 36 0.002 0.893 0.901 3.2 3.1 5 6

6 1 1.28 0.034 −1 0.010 0.957 0.701 6.6 2.6 16 5

7 1 0.48 0.039 −1 0.009 0.979 0.922 5.8 4.0 18 12

8 1 1.65 0.034 0 0.006 0.973 0.624 4.8 2.8 12 5

9 1 0.90 0.140 0 0.025 0.992 0.924 6.3 5.1 15 15

10 1 0.92 0.053 −1 0.016 1.000 0.789 6.0 5.5 25 27

11 1 1.78 0.021 −1 0.002 0.959 0.632 5.4 2.7 18 3

12 1 1.66 0.073 −1 0.018 1.000 0.793 8.3 3.6 24 6

Mean – 1.08 0.053 6.09 0.011 0.975 0.805 5.8 3.7 17.6 9.2
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Research Question 3: What is the
Relative Strength and Direction of the
Gesture–Speech Interaction for Different
Skill-Levels Tiers?
We expected RR and vertical and horizontal LAM, TT, and
MaxL to be different for different levels of understanding. To
analyze this, we first compared the averages of RR, LAMV,
LAMH, TTV, TTH, MaxLV, and MaxLH on the sensorimotor
(S-)tier with those on the representational (R-)tier. An overview
of these CRQA-measures can be found in Table 3 (S-tier)
and Table 4 (R-tier). The differences between the CRQA-
measures of the S-tier or R-tier are weak to absent (pRR = 0.19,
d = 0.31; pLAM−V = 0.45, d = 0.05; pTT−V = 0.45, d = 0.03;
pMaxL−V = 0.45, d = 0.05; pLAM−H = 0.42, d = 0.08;
pTT−H = 0.91, d = 0.54; pMaxL−H = 0.36, d = 0.12). This

means that there were no group-level differences in the relative
strength and direction of the interaction between gestures and
speech for lower (S-tier) levels nor for higher (R-tier) levels of
understanding.

Next, we analyzed whether the measures derived from the
vertical and horizontal line structures showed the same pattern of
differences for the S-tier and R-tier. LAMV was not higher than
LAMH for both the S-tier (MLAM−V = 0.496, MLAM−H = 0.391,
p = 0.14, d = 0.38) and the R-tier (MLAM−V = 0.479,
MLAM−H = 0.413, p = 0.30, d = 0.22). However, the analysis
revealed TTV to be higher than TTH for both the S-tier
(MTT−V = 5.81, MTT−H = 3.19, p < 0.01, d = 2.06) and
R-tier (MTT−V = 5.75, MTT−H = 3.88, p = 0.01, d = 0.99).
In addition, MaxLV was higher than MaxLH for both the S-tier
(MMaxL−V = 12.42, MMaxL−H = 7.50, p = 0.03, d = 0.80) and
R-tier (MMaxL−V = 12.75, MMaxL−H = 6.83, p = 0.02, d = 0.92).

TABLE 3 | Overview of the CRQA-measures, calculated over skill levels 1–3 (sensorimotor tier).

Child Grade % RR∗ LAMV LAMH V-HLAM TTV TTH V-HTT MaxLV MaxLH V-HMaxL

1 KG 66.9 0.669 0.595 0.074 7.6 3.2 0.41 21 7 0.50

2 KG 29.3 0.289 0.226 0.063 8.3 2.5 0.53 19 3 0.73

3 KG 99.3 0.961 0.687 0.273 4.3 2.3 0.31 12 3 0.60

4 KG 7.2 0.072 0.048 0.024 6.0 3.2 0.30 6 7 −0.08

5 KG 73.3 0.733 0.672 0.061 3.2 3.1 0.01 5 6 −0.09

6 1 95.6 0.915 0.672 0.243 6.7 2.6 0.44 16 5 0.52

7 1 31.5 0.308 0.248 0.059 7.0 3.3 0.37 18 5 0.57

8 1 73.9 0.721 0.480 0.241 4.3 2.7 0.24 8 4 0.33

9 1 29.8 0.290 0.267 0.023 7.6 3.9 0.32 15 15 0.00

10 1 60.3 0.603 0.539 0.064 5.1 5.4 −0.03 10 27 −0.46

11 1 20.5 0.192 0.103 0.089 4.7 3.0 0.22 10 3 0.54

12 1 19.8 0.198 0.161 0.037 5.0 3.3 0.21 9 5 0.29

M – KG 55.2 0.545 0.446 0.10 5.9 2.9 0.31 12.6 5.2 0.33

M – 1 47.3 0.461 0.353 0.11 5.8 3.4 0.25 12.3 9.1 0.26

M Overall 50.6 0.496 0.391 0.104 5.8 3.2 0.28 12.4 7.5 0.29

∗% RR reflects the percentage of recurrence found on the S-tier, as compared to the overall recurrence rate on both the S- and R-tier, displayed in Table 2.

TABLE 4 | Overview of the CRQA-measures, over skill levels 4–6 (representational tier).

Child Grade % RR∗ LAMV LAMH V-HLAM TTV TTH V-HTT MaxLV MaxLH V-HMaxL

1 KG 33.1 0.316 0.315 0.002 3.1 3.9 −0.11 5 7 −0.17

2 KG 70.7 0.707 0.660 0.047 5.8 4.7 0.11 9 10 −0.05

3 KG 0.7 0.007 0.000 0.007 3.0 0.0 1.00 3 1 0.50

4 KG 92.8 0.928 0.837 0.090 7.5 5.3 0.17 26 11 0.41

5 KG 26.7 0.160 0.229 −0.069 3.0 3.0 0.00 3 5 −0.25

6 1 4.4 0.042 0.030 0.013 4.8 4.0 0.09 7 4 0.27

7 1 68.5 0.671 0.674 −0.003 5.3 4.4 0.09 11 12 −0.04

8 1 26.1 0.252 0.145 0.107 7.0 3.3 0.35 12 5 0.41

9 1 70.2 0.702 0.657 0.045 5.8 5.9 −0.01 10 10 0.00

10 1 39.7 0.397 0.250 0.147 8.2 5.7 0.18 25 8 0.52

11 1 79.5 0.767 0.530 0.237 5.6 2.7 0.35 18 3 0.71

12 1 80.2 0.802 0.632 0.170 9.8 3.7 0.45 24 6 0.60

M KG 44.8 0.424 0.408 0.02 4.5 3.4 0.23 9.2 6.8 0.09

M – 1 52.7 0.519 0.417 0.10 6.7 4.2 0.21 15.3 6.9 0.35

M Overall Overall 49.4 0.479 0.413 0.066 5.8 3.9 0.22 12.8 6.8 0.24

∗% RR reflects the percentage of recurrence found on the S-tier, as compared to the overall recurrence rate on both the S- and R-tier, displayed in Table 2.
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Lastly, the relative difference scores between the S-tier and R-tier
did not differ (pV−H−LAM = 0.15, d = 0.43; pV−H−TT = 0.28,
d = 0.22; pV−H−MaxL = 0.38, d = 0.13).

To summarize, the average differences between the CRQA-
measures of vertical and horizontal lines showed the same pattern
for the S-tier and R-tier. This means that the relative strength and
direction of the coupling between gestures and speech did not
differ between the levels of understanding. At the group level,
they were similarly asymmetric for both tiers. Also, laminarity
(LAM) did not show the same asymmetry at the individual levels
of understanding, as it did when the tiers were joined together for
Research Question 2.

Does Age Play a Role?
Prompted by the differences between younger and older children
found for Research Question 1, we investigated whether similar
age-group differences were present in the strength and direction
of the interaction between gestures and speech for different levels
of understanding. To this end, we compared the children in
Kindergarten and first grade with regard to their CRQA-measures
and relative difference scores on the S-tier and R-tier. These
measures are displayed in Tables 3 and 4.

For the S-tier, no clear differences between the CRQA-
measures of younger and older children were found (pRR = 0.26,
d = 0.34; pLAM−V = 0.30, d = 0.26; pLAM−H = 0.25,
d = 0.37; pTT−V = 0.46, d = 0.05; pTT−H = 0.07, d = 0.73;
pMaxL−V = 0.50, d = 0.06; pMaxL−H = 0.12, d = 0.57).
There were also no differences between the younger and older
children with regard to the average relative difference scores
on the S-tier (pV−HLAM = 0.41, d = 0.09; pV−HTT = 0.24,
d = 0.36; pV−HMaxL = 0.35, d = 0.20). For the R-tier, only
TTV of the older children was higher than TTV of the younger
children (pTT−V = 0.04, d = 1.12). Even though the other
CRQA measures on the R-tier might appear to be higher
for the older children, no meaningful differences were found

(pRR = 0.40, d = 0.17; pLAM−V = 0.31, d = 0.29; pLAM−H = 0.48,
d = 0.03; pTT−H = 0.17, d = 0.54; pMaxL−V = 0.12, d = 0.73;
pMaxL−H = 0.51, d = 0.02). Considering the relative difference
scores, only V-HLAM was higher for older than for younger
children (pV−HLAM = 0.02, d = 1.11). There were no clear
difference for V-HTT (pV−HTT = 0.46, d= 0.06) and only slightly
for V-HMaxL (pV−HMaxL = 0.07, d = 0.85).

In conclusion, for the less difficult levels of understanding
on the S-tier, older and younger children did not differ in the
strength and direction of the interaction between gestures and
speech. However, for the more difficult levels of understanding
there were age-differences in the asymmetry of the gesture–
speech interaction: gestures displayed longer average periods of
lingering in the R-tier (TTV) and were more regular (V-HLAM)
for the older children than for the younger children.

Research Question 4: How are the
Measures of Coordination between
Gestures and Speech Subsystems
Related to More Stable Child
Characteristics and School Outcome
Measures?
An overview of the significant correlations between child
characteristics and school outcome measures, and the LOS-
profile measures, CRQA -measures and relative difference scores
can be found in Table 5. The entire correlation table is available
in the supplementary materials. First we will describe the findings
for the LOS-profile measures across both tiers, followed by the
CRQA-measures and relative difference scores separately for each
tier.

When recurrences on the sensorimotor and representational
tier are combined, the correlation of %Sync and age had a value
of 0.57. This means that relatively older children tended to
show the same-tier skill level at the same time in gestures and

TABLE 5 | Significant correlations between child characteristics and CRQA-measures.

Age (months) Math score Language score Average score past tasks

Both tiers %Sync 0.57∗

τpeak −0.73∗∗

S-tier LAMV −0.54∗ −0.58∗∗

LAMH −0.52∗

V-HLAM −0.62∗∗ −0.58∗∗

TTV 0.53∗

V-HTT 0.59∗

R-tier LAMV 0.51∗ 0.56∗

LAMH 0.57∗ 0.54∗

V-HLAM 0.65∗∗

TTV 0.51∗

TTH 0.61∗∗ 0.61∗∗

V-HTT −0.68∗∗ −0.67∗∗

MaxLH 0.65∗∗

V-HMaxL 0.52∗ −0.50∗

Values marked with ∗ are significant at p < 0.1, values marked with ∗∗ are significant at p < 0.05. The complete correlation matrix can be found in the supplementary
materials.
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speech. The correlation of−0.73 between τpeak and age in months
corroborates to this finding, as it implies that younger children
tended to show a more extensive delay between gestures and
speech in displaying the same-tier skill level, with gestures being
ahead of speech in time.

For the S-tier separately, LAMV and V-HLAM were both
negatively correlated with children’s Math score and Average
score on past tasks (r = −0.54 and r = −0.58, respectively).
This means that for children who performed better on math
and past tasks, gestures were being trapped into S-tier episodes
less prominently. Moreover, for these children the asymmetry
between gestures and speech was smaller. LAMH was also
negatively correlated with the average score on past tasks
(r = −0.52), which suggests that for children with a higher
score on past tasks, speech was less prone to be trapped into
S-tier episodes as well. Language score was correlated with
TTV (r = 0.53) and V-HTT (r = 0.59) on the S-tier, which
shows that for children with a higher Language score, gestures
were trapped into longer average S-tier episodes, and that the
associated asymmetry between gestures and speech tends to be
bigger.

For the more difficult skill-levels on the R-tier, it turns out that
all CRQA and LOS profile measures are significantly correlated
with age or measures of general performance. Both LAMV and
LAMH are correlated with Math score (r = 0.51 and r = 0.57,
respectively) and the average score on past tasks (r = 0.56 and
r = 0.54, respectively). This suggests that for children with a
higher score on math or past tasks, both speech and gestures
were trapped into R-tier episodes more often. Age correlates with
V-HLAM , which means that the asymmetry between gestures and
speech tended to be bigger for older children. TTV was related to
Age (r = 0.51), suggesting that older children were trapped into
longer average R-tier gesturing episodes. Both Age and Average
score on past tasks were correlated with TTH (r = 0.61 and
r = 0.61, respectively), which means that children who are older
or who performed better on past tasks were trapped into longer
average R-tier speech episodes. As V-HTT is negatively correlated
with both Math score and Average score on past tasks (r =−0.68
and r = −0.67, respectively), children who performed well on
math or past tasks tended to display a smaller asymmetry in
the average duration of gestures and speech R-tier lingering.
MaxLH and V-HMaxL were related to age (r = 0.65 and r = 0.52,
respectively), which suggests that older children had a longer
maximum episode of speech being trapped at the R-tier, but at the
same time, the asymmetry between gestures and speech tended to
be larger for this. Finally, V-HMaxL was negatively correlated with
Math score (r =−0.50). So children with a higher score on math
had a smaller asymmetry in the longest gestures and speech R-tier
lingering episode.

DISCUSSION

Summary of Results
The present study concentrated on how the earlier reported
leading role of gestures over speech in children’s cognitive
change arises from the asymmetries in the dynamic attunement

of gestures and speech during task performance. Appreciating
the dynamic nature of this issue naturally implied using of
the language and methods of complex dynamical systems.
Accordingly, we used CRQA, a novel non-linear time series
method, to analyze the two skill-level time series as coded
from children’s gestures and speech while they were working
on an educational science task. To be able to address this
rather broad issue intelligibly we proposed four specific research
questions, focusing on: (1) the temporal relation between gestures
and speech, (2) the relative strength and direction of the
interaction between gestures and speech, (3) the relative strength
and direction between gestures and speech for different levels
of understanding, and (4) the relations between measures of
dynamic organization and more stable child characteristics and
school outcome measures.

Firstly, regarding the temporal relation, older and younger
children differed in the (temporal) asymmetry in the gestures–
speech interaction. In the 2 min window of the LOS-profile
analysis, in younger, i.e., Kindergarten, children, the balance leant
more toward gestures leading speech in time, whereas the balance
leant more toward speech leading gestures in time for the older
first-grade students. This difference between older and younger
children is even more pronounced when we look at the actual
temporal delay in seconds. While gestures are, on average, ahead
of speech for 18 s for the younger children, speech only slightly
precedes gestures for just under a second for the older children.

Secondly, we investigated the relative strength and direction
of the interaction between gestures and speech as it plays out
on all possible timescales, ranging from the sample rate (1 s) to
the entire interaction (∼489 s). As described earlier, calculating
and comparing recurrence measures of vertical and horizontal
line structures is informative about the coordinative structures
in the gesturing–speech interaction. At the group level, we found
LAM, TT, and MaxL to point toward speech influencing gestures
more regularly and rigidly into displaying the same-tier skill
level than vice versa. Moreover, when comparing the strength
and direction for different levels of understanding (Research
Question 3), this asymmetry in gestures and speech extended
to both the sensorimotor and representational tier. The relative
difference scores did not differ for the S-tier and R-tier. In other
words, there are no differences in the coupling between gestures
and speech for different levels of understanding at the group level.

However, when we compared the CRQA measures for
different levels of understanding of children from first grade
and Kindergarten, an interesting pattern of differences appeared.
Although no differences were present at the S-tier, at the more
difficult R-tier level of understanding, older and younger children
did differ in the coupling between gestures and speech. All
CRQA measures were higher for the older children at the R-tier,
suggesting that the coupling between gestures and speech was
more rigid at higher levels of understanding.

The relation of age with the coupling between gestures and
speech is also apparent when we relate the CRQA measures to
individual child characteristics. The correlations between age and
%Sync, and between age and τpeak support the results from the
LOS-profile analysis. This again shows that gestures are more
ahead of speech in time when children are younger, and that they
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are more temporally aligned when children are older. The results
reveal a larger asymmetry in the gesture–speech attunement for
older children. A higher score on schools’ standardized language
tests is also related to more asymmetry between gestures and
speech, but only for the less difficult levels of understanding
(S-tier).

However, children’s average score on past tasks and their
scores on math seem to be related to speech attracting gestures
less, and also to less asymmetry between gestures and speech for
the less difficult levels of understanding. For the more difficult
levels of understanding (R-tier), both speech and gestures tend to
attract each other more for children with a higher score on math
or past tasks, which points to more symmetry between speech
and gestures. Moreover, a higher score on math or past tasks is
also related to less asymmetry between gestures and speech at the
R-tier.

Dynamic, Entangled Development of
Gestures, Speech, and Cognitive Skills
Earlier studies have shown that children express new cognitive
insights by means of gestures before they are able to put them
into words. An important nuance following from the present
study is that although gestures might appear to be ahead in time
of speech during children’s learning, this does not imply that
gestures influence speech to a larger extent. Learning is a process
that occurs at multiple, nested time scales, by means of entangled
processes of action, perception and cognition. In studies thus far,
such a process approach has not been considered with respect
to the interplay of gestures and speech in children’s learning. At
the very least our study shows that the relation between gestures,
speech, and cognition in our sample is much more dynamic
and bidirectional than previously thought, with a high degree
of inter-individual variability. In addition, children differ in how
speech and gestures are coupled, whereby gestures are not always
ahead of speech, or leading speech, as cognitive understanding
unfolds. Moreover, the gestures-speech coupling is related to age
and measures of scholastic and cognitive performance that exceed
the time-span of a single task.

Age, Language Score, and the Dynamic Emergence
of Speech and Gestures
One particularly prominent result is that, with increasing age,
speech and gestures become more synchronized and tightly
coupled. Within this tight coupling for older children, speech
attracts gestures more than vice versa in displaying the same-
tier skill level. A possible explanation for this finding can be
found in Iverson and Thelen’s (1999) account of the dynamic
emergence of speech and gestures. They suggest that the link
between speech and gestures starts with the hand-mouth linkage
that is already apparent in newborns. Coordination between oral
and manual actions is very common in newborn’s spontaneous
actions, such as bringing their hands to the facial area or sucking
their fingers. These connections between oral and manual actions
are characterized by a low threshold—as they are so easily and
spontaneously performed—and high activation, because of their
frequency. Around the age of 6–8 months, both rhythmical

arm movement and rhythmical babbling emerge, through which
coinciding vocal and manual activities are entrained.

The linkages between the hands and mouth become more
controlled as children develop, with the emergence of the first
gestures and words around 9–14 months of age. Typically,
children’s gestures precede and outnumber their spoken words
tremendously during this period. To be more specific, children’s
pointing gestures precede the word for an object by, on average,
3 months, and gesture-plus-word combinations precede two-
word combinations by an average of 4.7 months (Iverson and
Goldin-Meadow, 2005). According to Iverson and Thelen (1999),
the reason for this is that, in comparison to the vocal articulators,
the control of the hands is more advanced and therefore it is
easier for children to communicate by means of gestures. In
other words, for gestures the threshold is low and activation is
high, while for speech the threshold is high and activation is
low. However, as children practice their vocal skills, the threshold
of speech becomes lower and activation higher. The activation
of speech eventually becomes so high, that it captures and
concurrently activates gestures. Stated differently, as children’s
language skills become more advanced, their speech system
activates their gesture system, and thereby the two motor systems
become more synchronized.

Returning to our finding that older children in our sample
show higher levels of synchronization and coupling between
speech and gestures. It is safe to assume that older children
have more developed speech and gesture synergetic control. The
reason for this is that both action systems have been explored
and practiced more, and under more different and variable task
conditions, than in the younger children (cf. Iverson and Thelen,
1999). Because of this, the speech and gesture synergies are more
entrained, which means that older children can coordinate the
two synergies more optimally and simultaneously. This reasoning
and the finding that speech influences gestures more than vice
versa in older children, is in line with Iverson and Thelen’s (1999)
notion of speech capturing gestures when vocal skills become
more practiced. A final noteworthy observation in this respect is
that the older children in our sample just entered first grade, in
which they learn to read and write. Although speculative at this
point, it is not farfetched to expect that this emphasis on language
in the first grade increases how much speech is able to influence
gestures (cf. Shanahan and Roof, 2013).

As already implied in the previous section, the explanation
that gestures are ahead of speech in time for the younger
children, with an average delay of 18 s, might also be found
in the simultaneous coordination of the synergies of speech
and gestures. For the younger children the task might be more
difficult than for the older children, and pose considerably more
conflicting task constraints. These conflicting task constraints
may cause the two synergies to be unable to simultaneously exist
in an optimal way. This makes the tightly coupled synergies
dissociate, with the gesture synergy being created first and the
speech-synergy later. The average lag of 18 s between speech
and gestures might intuitively seem hard to understand, but such
contingencies over relatively large timescales have been found
before in the context of communication, albeit with younger
children. For example, Jaffe et al. (2001) report a 20–30 s lag
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between contingencies in the vocal patterns of 4-months-old
infants and their mothers or strangers. Moreover, Jaffe et al.
(2001) point to other studies, which found a 20–30 s cycle
in infant attention (Brazelton et al., 1974), a 10–45 s cycle in
coordination of facial engagement (Lester et al., 1985), and a 20 s
lag in facial engagement correlation (Cohn and Tronick, 1988).
Although this concerns interpersonal coordination, these studies
demonstrate that latencies of this magnitude are not extreme.

Jaffe et al. (2001) propose that the 20–30 s lag between
contingencies in the vocal patterns of the infants and their mother
or a stranger is an indication for a slow rhythm in the interaction.
This slow rhythm can only be found by analyzing the data in
much detail, as opposed to rhythms such as vocalization-pause
or turn taking, which are detectable for untrained observers.
To return to our study: both speech and gestures are suggested
to originate from coinciding rhythmical activities (Iverson and
Thelen, 1999; Abney et al., 2014), and in fact, speech and gestures
are rhythmical activities in itself (Loehr, 2007). The average delay
between speech and gestures of 18 s that we found for the
younger children might be a slow rhythm in the gesture–speech
interaction. This slow rhythm may reside in a process on a larger
timescale, in which both the synergies of gestures and speech are
nested. Which specific process this would be remains a question
for future research.

The relation we found between a higher language score and
more asymmetry in the speech-gesture coupling fits with the
dynamic emergence account of speech and gestures as outlined
above. With an explained variance of 25%, better language
skills are associated with a stronger influence of speech on
gestures. Interestingly, the relation between a higher language
score and more asymmetry is not apparent for the higher levels
of understanding on the R-tier. An explanation for this might
be that the levels of understanding on the R-tier go beyond the
skill of naming observable task characteristics, but rather involve
relations among task elements, and relations among relations (cf.
Fischer and Bidell, 2006; see below). A second explanation might
be that understanding on the R-tier is more difficult, which causes
a different interplay between the synergies of speech and gestures
than on the S-tier - in this case less asymmetry in influence.

Average Score on Past Tasks, Math-Score, and
Higher-Order Understanding Emerging from Actions
Contrary to age and language score, a higher average score
on past tasks is not related to a leading role of speech over
gestures, but instead to a more symmetric interaction between
speech and gestures. In order to grasp this finding, consider
how higher-order understanding emerges from actions. In a
previous study, participants were asked to perform a gear task
and predict the turning direction of a target gear (Trudeau and
Dixon, 2007). At first, all participants simulated the motions of
the gears with their hands, i.e., force tracing, to predict in which
direction the target gear would turn. After a certain number of
these problems, participants discovered a higher-order relation,
alternation, which is concealed in the task. Alternation, like all
higher-order relations, is a relation among relations and requires
coordinating two or more lower-order relations and integrating
multiple actions over time. Participants varied considerably

in how many simulations they performed before discovering
alternation, and Trudeau and Dixon (2007) found that the
number of alternating actions performed before discovering the
higher-order rule predicted the likelihood of generalization of
this rule to new problem types. Trudeau and Dixon (2007)
explained this finding by stating that for participants who made
more correct alternating actions before discovering the higher
order rule, the representation of alternation stems from a larger
corpus of actions. This larger corpus of relevant (i.e., task-
related) actions increases the chance of discovering and being
able to generalize the higher-order relation. Extrapolating on this
thought, children for whom speech is less leading over gestures
might be more open to gesturing, that is, they might gesture
more. This provides them with the larger corpus of actions, which
increases their chance of discovering higher-order relations by
means of actions, resulting in a higher score on (past) tasks.

Even more so, the gestures of children may also elicit
discovering these higher-order relations in other tasks. Indeed,
Smith (2010) has emphasized the essence of the motor system in
learning higher-order regularities. She states that “It is action that
creates a task, that couples component systems in the moment,
and that selects and creates the momentary dynamic input on
which learning must depend” (p. 264). In the context of action,
component systems become coupled and coordinated within
diverse tasks, which makes action essential for learning higher-
order relations and generalizing learning such relations to other
tasks. With respect to our findings, gesturing may also elicit the
discovery of higher-order relations in other tasks, which might
explain why children for whom speech was less leading over
gestures performed better on past tasks.

Next to a higher average score on past tasks, a higher math
score is also related to a more symmetric interaction between
gestures and speech, whereby speech is less leading over gestures.
Note that these two scores were highly correlated (r = 0.84),
meaning that children who scored high on math were also likely
to have done well on previous tasks. It is well-known that gestures
are beneficial for math learning (e.g., Cook and Goldin-Meadow,
2006; Ehrlich et al., 2006; Broaders et al., 2007; Alibali and
Nathan, 2012; Cook et al., 2012, 2013; Novack et al., 2014). The
reason why gestures are related to math might be the same as
why gestures are related to a higher average score on past tasks:
from gestures, higher-order (mathematical) understanding can
emerge and generalize. Indeed, Cook et al. (2013) and Novack
et al. (2014) found that gestures are related to the generalization
and transfer of mathematical knowledge to new problem types.

To summarize this subsection, children within our study for
whom speech is less leading over gestures may perform better
on both math and past tasks because they are more open to
gesturing, from which higher-order understanding is thought
to emerge and generalize. A reason for this might lie in the
importance of variability in learning (e.g., Van Geert and Van
Dijk, 2002). If the first system influences the second system to a
lesser degree, that second system is obviously less constrained by
the first, and can adhere more adaptively to task requirements. In
other words, the coupling of the two systems can be characterized
as more flexible, which allows for different types of coordination
between them and with the environment.
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Following the framework introduced earlier, we interpret the
finding that speech is less leading over gestures in terms of
synergetic competition. Accordingly, a decreasing leading role
of speech over gestures indicates a more optimal and efficient
(simultaneous) coordination of both synergies. However this
optimal coordination of both synergies does not necessarily
have to be simultaneous since we found that more temporal
synchrony of speech and gestures is not related to a better
score on past tasks or a better math performance in our
study. Future studies could focus more specifically on how
improved understanding of concepts and/or performance on a
task is related to a more optimal (possibly but not necessarily
simultaneous) coordination of both the speech and gestures
synergies. This could become visible, for instance, by a decrease
in the temporal delay between gesture and speech behaviors
(Goldin-Meadow et al., 1993), a phase-transition like change
from a period of suboptimal coordination of one or both
synergies to state of simultaneous optimal coordination (cf.
Haken et al., 1985), or perhaps by a change in the temporal
structure of gestures and speech (Wijnants et al., 2009, 2012a; cf.
Den Hartigh et al., 2015).

CONCLUSION

Our results suggest that speech and gestures may be more tightly
coupled for the older children in first grade and children with a
high language score, because their speech and gesture systems
are more developed. The reason that speech leads over gestures
for these children may as well stem from this developmental
process, and might be enhanced by the emphasis on language
in first grade. For children with a higher average score on
past tasks and math score, speech is leading less over gestures,
possibly leaving more room for higher-order understanding to
emerge from their action experiences through gesturing. Because
of the time-intensive coding procedures and the in-debt nature
of our analyses, this study used a small N. Note that we used
Monte Carlo permutation tests, which are particularly strong in
the case of small sample sizes. The credibility of our results is
further strengthened by the relatively large effect sizes we found
(Cohen, 1988). Nonetheless, this study deserves replication to
check whether the findings can be verified and eventually also
further refined and strengthened.

It is important to note that speech leading less over gestures is
not the same as less speech or less coupling between gestures and
speech. In fact, higher-order understanding, and more broadly
speaking, cognition itself, resides in and emerges from the
coupling between a multitude of perception-action subsystems,
such as those related to speech and gestures (Goldin-Meadow,
1998). Congruously, within our study, the child for whom there
was no RRpeak, that is, for whom coupling between gestures and
speech was weaker, had low scores on all the other variables
of cognitive performance. To elaborate, it is not the mere
presence or absence of coupling between subsystems that is
important, but rather the nature of their coupling, in the sense of
interaction-dominant dynamics (Van Orden et al., 2003, 2005).
How the subsystems are coupled determines how development

will progress, and whether and how higher-order understanding
will occur. Our findings suggest that a coupling in which the
influence of gestures and speech is more balanced (i.e., where
speech is less leading), seems to be beneficial for higher-order
understanding to develop in this respect, in a hands-on science
and technology task.

As cognition resides in and emerges from the dynamic
coupling between perception-action subsystems, and learning is
a non-linear process with variability as its hallmark, methods
that capture this coupling over time are necessary to understand
how development comes about. The complex dynamical systems
approach provides a framework for asking question and
interpreting answers pertaining to how higher-order relations
can emerge from perception-action couplings. In our study,
we investigated how the speech and gesture subsystems of
children are coupled during a hands-on educational science task.
Among other things, we found this coupling to be related to
other measures of cognitive performance. Instead of gestures
expressing or adding to a rather disembodied cognitive insight
before speech is able to express it, we outlined how higher-
order understanding might emerge from the changing coupling
between gestures and speech over time. Moreover, we proposed
a new mechanism, of competing and suboptimal coordinated
synergies resulting in gestures-speech mismatches, that builds
a bridge between the existing research on gestures and recent
views on cognition as fundamentally embedded and embodied.
Future studies should investigate if the dynamic organization of
gestures and speech indeed points to gesture–speech mismatches
as originating from competing synergies of gestures and speech.

AUTHOR CONTRIBUTIONS

LDJ-H: draft of manuscript, coding of videos, design coding
system gestures, design figures and tables, interpretation of
analyses. SVdS: draft of manuscript, task administration with
children, coding of videos, design coding system speech,
correlation analyses. PVG: editing of manuscript, general
advice on research procedure and writing, suggestions for
references, calculation effect sizes. RC: draft and editing
of manuscript, recurrence quantification analyses (ideas and
execution), interpretation of analyses.

FUNDING

Part of this study was funded by the program “Platform
Betatechniek,” supported by the Dutch ministry of Education,
Culture and Science (Ministerie van Onderwijs, Cultuur en
Wetenschap).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpsyg.
2016.00473

Frontiers in Psychology | www.frontiersin.org 16 March 2016 | Volume 7 | Article 473

http://journal.frontiersin.org/article/10.3389/fpsyg.2016.00473
http://journal.frontiersin.org/article/10.3389/fpsyg.2016.00473
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-00473 March 30, 2016 Time: 15:55 # 17

De Jonge-Hoekstra et al. Asymmetric Dynamic Attunement of Speech and Gestures

REFERENCES
Abney, D. H., Warlaumont, A. S., Haussman, A., Ross, J. M., and Wallot, S. (2014).

Using nonlinear methods to quantify changes in infant limb movements and
vocalizations. Front. Psychol. 5:771. doi: 10.3389/fpsyg.2014.00771

Aßmann, B., Romano, M. C., Thiel, M., and Niemitz, C. (2007). Hierarchical
organization of a reference system in newborn spontaneous movements. Infant
Behav. Dev. 30, 568–586. doi: 10.1016/j.infbeh.2007.04.004

Alibali, M. W., and Goldin-Meadow, S. (1993). “Modeling learning using evidence
from speech and gesture,” in Proceedings of the Fifteenth Annual Conference of
the Cognitive Science Society (Hillsdale, NJ: Erlbaum), 203–208.

Alibali, M. W., and Nathan, M. J. (2012). Embodiment in mathematics teaching
and learning: evidence from learners’ and teachers” gestures. J. Learn. Sci. 21,
247–286. doi: 10.1080/10508406.2011.611446

Anastas, J. R., Stephen, D. G., and Dixon, J. A. (2011). The scaling behavior of hand
motions reveals self-organization during an executive function task. Physica A
390, 1539–1545. doi: 10.1016/j.physa.2010.11.038

Anderson, M. L., Richardson, M. J., and Chemero, A. (2012). Eroding the
boundaries of cognition: implications of embodiment. Top. Cogn. Sci. 4,
717–730. doi: 10.1111/j.1756-8765.2012.01211.x

Beilock, S. L., and Goldin-Meadow, S. (2010). Gesture changes thought by
grounding it in action. Psychol. Sci. 21, 1605–1610. doi: 10.1177/09567976
10385353

Boncoddo, R., Dixon, J. A., and Kelley, E. (2010). The emergence of a novel
representation from action: evidence from preschoolers. Dev. Sci. 13, 370–377.
doi: 10.1111/j.1467-7687.2009.00905.x

Bos, J., and Steenbeek, H. (2006). MediaCoder: A Simple Application for Coding
Behavior Within Media Files. Groningen: University of Groningen.

Brazelton, T. B., Kozlowski, B., and Main, M. (1974). “The origins of reciprocity,”
in The Effect of the Infant On Its Caregiver, eds M. Lewis and L. Rosenblum
(New York: Elsevier).

Broaders, S. C., Cook, S. W., Mitchell, Z., and Goldin-Meadow, S. (2007). Making
children gesture brings out implicit knowledge and leads to learning. J. Exp.
Psychol. Gen. 136, 539–550. doi: 10.1037/0096-3445.136.4.539

Carey, S., and Spelke, E. (1994). “Domain-specific knowledge and conceptual
change,” in Mapping the Mind: Domain Specificity in Cognition and Culture, eds
L. A. Hirshfeld and S. A. Gelman (Cambridge: Cambridge University Press),
169–200.

Church, R. B., and Goldin-Meadow, S. (1986). The mismatch between gesture
and speech as an index of transitional knowledge. Cognition 23, 43–71. doi:
10.1016/0010-0277(86)90053-3

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Hillsdale,
NJ: Lawrence Erlbaum Associates, 590.

Cohn, J., and Tronick, E. (1988). Mother-infant face-to-face interaction: influence
is bidirectional and unrelated to periodic cycles in either partner’s behavior. Dev.
Psychol. 24, 386–392. doi: 10.1037/0012-1649.24.3.386

Cook, S. W., Duffy, R. G., and Fenn, K. M. (2013). Consolidation and transfer
of learning after observing hand gesture. Child Dev. 84, 1863–1871. doi:
10.1111/cdev.12097

Cook, S. W., and Goldin-Meadow, S. (2006). The role of gesture in learning: do
children use their hands to change their minds? J. Cogn. Dev. 7, 211–232. doi:
10.1207/s15327647jcd0702_4

Cook, S. W., Yip, T. K., and Goldin-Meadow, S. (2012). Gestures, but not
meaningless movements, lighten working memory load when explaining math.
Lang. Cogn. Proc. 27, 594–610. doi: 10.1080/01690965.2011.567074

Cox, R. F. A., Van der Steen, S., Guevara, M., De Jonge-Hoekstra, L., and Van
Dijk, M. (2016). “Chromatic and anisotropic cross-recurrence quantification
analysis of interpersonal behaviour,” in Proceedings in Mathematics & Statistics:
Recurrence Plots and Their Quantifications: Expanding Horizons, eds C. Webber,
C. Ioana, and N. Marwan (New York, NY: Springer Verlag).

Cox, R. F. A., and Van Dijk, M. (2013). Micro-development in parent-child
conversations: from global changes to flexibility. Ecol. Psychol. 25, 304–315. doi:
10.1080/10407413.2013.810095

Crowder, E. M., and Newman, D. (1993). Telling what they know: the role of
gesture and language in children’s science explanations. Pragmat. Cong. 1,
341–376. doi: 10.1075/pc.1.2.06cro

Dale, R., and Spivey, M. (2006). Unraveling the dyad: using recurrence analysis
to explore patterns of syntactic coordination between children and caregivers

in conversation. Lang. Learn. 56, 391–430. doi: 10.1111/j.1467-9922.2006.
00372.x

De Graag, J. A., Cox, R. F. A., Hasselman, F., Jansen, J., and De Weerth, C.
(2012). Functioning within a relationship: mother-infant synchrony and
infant sleep. Infant Behav. Dev. 35, 252–263. doi: 10.1016/j.infbeh.2011.
12.006

Den Hartigh, R. J. R., Cox, R. F. A., Gernigon, C., Van Yperen, N. W., and Van
Geert, P. L. C. (2015). Pink noise in rowing ergometer performance and the
role of skill level. Motor Control 19, 355–369. doi: 10.1123/mc.2014-0071

Ehrlich, S. B., Levine, S. C., and Goldin-Meadow, S. (2006). The importance
of gesture in children’s spatial reasoning. Dev. Psychol. 42, 1259–1268. doi:
10.1037/0012-1649.42.6.1259

Fischer, K. W. (1980). A theory of cognitive development: the control
and construction of hierarchies of skills. Psychol. Rev. 87, 477–531. doi:
10.1037/0033-295X.87.6.477

Fischer, K. W., and Bidell, T. R. (2006). “Dynamic development of action, thought
and emotion,” in Theoretical Models of Human Development. Handbook of Child
Psychology, 6th Edn, eds W. Damon and R. M. Lerner (New York, NY: Wiley),
86.

Flynn, E., Pine, K., and Lewis, C. (2007). Using the microgenetic method to
investigate cognitive development: an introduction. Infant Child Dev. 16, 1–6.
doi: 10.1002/icd.503

Galantucci, B., Fowler, C. A., and Turvey, M. T. (2006). The motor theory of speech
perception reviewed. Psychon. Bull. Rev. 13, 361–377. doi: 10.3758/BF03193857

Garber, P., and Goldin-Meadow, S. (2002). Gesture offers insight into
problem-solving in adults and children. Cogn. Sci. 26, 817–831. doi:
10.1207/s15516709cog2606_5

Gelman, R. (2004). Cognitive Development: Stevens’ Handbook of
Experimental Psychology. Hoboken, NJ: John Wiley and Sons, Inc. doi:
10.1002/0471214426.pas0212

Gershkoff-Stowe, L., and Smith, L. B. (1997). A curvilinear trend in naming
errors as a function of early vocabulary growth. Cogn. Psychol. 34, 37–71. doi:
10.1006/cogp.1997.0664

Goldin-Meadow, S. (1998). The development of gesture and speech as an integrated
system. New Dir. Child Adolesc. Dev. 79, 29–42. doi: 10.1002/cd.23219
987903

Goldin-Meadow, S. (2003). Hearing Gesture: How Our Hands Help us Think.
Cambridge, MA: Harvard University Press, 304.

Goldin-Meadow, S., Alibali, M. W., and Church, R. B. (1993). Transitions in
concept acquisition: using the hand to read the mind. Psychol. Rev. 100,
279–297. doi: 10.1037/0033-295X.100.2.279

Goldin-Meadow, S., Cook, S. W., and Mitchell, Z. A. (2009). Gesturing gives
children new ideas about math. Psychol. Sci. 20, 267–272. doi: 10.1111/j.1467-
9280.2009.02297.x

Goldin-Meadow, S., Levine, S. C., Zinchenko, E., Yip, T. K., Hemani, N., and
Factor, L. (2012). Doing gesture promotes learning a mental transformation
task better than seeing gesture. Dev. Sci. 15, 876–884. doi: 10.1111/j.1467-
7687.2012.01185.x

Goldin-Meadow, S., Nusbaum, H., Kelly, S. D., and Wagner, S. (2001). Explaining
math: gesturing lightens the load. Psychol. Sci. 12, 516–522. doi: 10.1111/1467-
9280.00395

Goldin-Meadow, S., Wein, D., and Chang, C. (1992). Assessing knowledge through
gesture: using children’s hands to read their minds. Cogn. Instr. 9, 201–219. doi:
10.1207/s1532690xci0903_2

Granott, N., Fischer, K. W., and Parziale, J. (2002). “Bridging to the unknown:
a transition mechanism in learning and development,” in Microdevelopment:
Transition Processes in Development and Learning, eds N. Granott and J. Parziale
(Cambridge: Cambridge University Press), 25.

Grannot, N., and Parziale, J. (eds) (2002). Microdevelopment: Transition Processes
in Development and Learning. Cambridge: Cambridge University Press, 368.

Haken, H. (1977/1983). Synergetics, An Introduction: Nonequilibrium Phase
Transitions and Self-Organization in Physics, Chemistry and Biology. Berlin:
Springer.

Haken, H., Kelso, J. A. S., and Bunz, H. (1985). A theoretical model of phase
transitions in human hand movements. Biol. Cybern. 51, 347–356. doi:
10.1007/BF00336922

Hoekstra, L. (2012). Curious Minds: Children’s Hands and their Scientific
Understanding: The Construction of a Coding System for Gestures and Acting on

Frontiers in Psychology | www.frontiersin.org 17 March 2016 | Volume 7 | Article 473

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-00473 March 30, 2016 Time: 15:55 # 18

De Jonge-Hoekstra et al. Asymmetric Dynamic Attunement of Speech and Gestures

Material, and an Exploratory Case Study. Ph.D. thesis, University of Groningen,
Groningen.

Hostetter, A. B., and Alibali, M. W. (2010). Language, gesture, action! A test of
the Gesture as Simulated Action framework. J. Mem. Lang. 63, 245–257. doi:
10.1016/j.jml.2010.04.003

Iverson, J. M., and Goldin-Meadow, S. (2005). Gesture paves the way for language
development. Psychol. Sci. 16, 367–371. doi: 10.1111/j.0956-7976.2005.01542.x

Iverson, J. M., and Thelen, E. (1999). Hand, mouth and brain: the dynamic
emergence of speech and gesture. J. Conscious. Stud. 6, 19–40.

Jacoby, W. G. (2000). Loess: a nonparametric, graphical tool for depicting
relationships between variables. Elect. Stud. 19, 577–613. doi: 10.1016/S0261-
3794(99)00028-1

Jaffe, J., Beebe, B., Feldstein, S., Crown, C. L., and Jasnow, M. D. (2001). Rhythms
of dialogue in infancy: coordinated timing in development. Monogr. Soc. Res.
Child Dev. 66, 1–132.

Kelso, J. A. S. (1995). Dynamic Patterns: The Self-Organization of Brain and
Behavior. Cambridge, MA: The MIT Press.

Kugler, P. N., and Turvey, M. T. (1987). Information, Natural Law, and the Self-
Assembly of Rhythmic Movement. Hillsdale, NJ: Lawrence Erlbaum Associates,
Inc.

Lester, B. M., Hoffman, J., and Brazelton, T. B. (1985). The rhythmic structure of
mother-infant interaction in term and preterm infants. Child Dev. 56, 15–27.
doi: 10.2307/1130169

Lichtwarck-Aschoff, A., Hasselman, F., Cox, R. F. A., Pepler, D., and Granic, I.
(2012). A characteristic destabilization profile in parent-child interactions
associated with treatment efficacy for aggressive children. Nonlinear Dynamics
Psychol. Life Sci. 16, 353–379.

Loehr, D. (2007). Aspects of rhythm in gesture and speech. Gesture 7, 179–214. doi:
10.1075/gest.7.2.04loe

Louwerse, M. M., Dale, R., Bard, E. G., and Jeuniaux, P. (2012). Behavior matching
in multimodal communication is synchronized. Cogn. Sci. 36, 1404–1426. doi:
10.1111/j.1551-6709.2012.01269.x

Marwan, N., Carmen Romano, M., Thiel, M., and Kurths, J. (2007). Recurrence
plots for the analysis of complex systems. Phys. Rep. 438, 237–329. doi:
10.1016/j.physrep.2006.11.001

Marwan, N., and Webber, C. L. Jr. (2014). “Mathematical and computational
foundations of recurrence quantifications,” in Recurrence Quantification
Analysis: Theory and Best Practices, eds C. L. Webber Jr. and N. Marwan
(New York, NY: Springer), 41.

McNeill, D. (1992). Hand and Mind: What Gestures Reveal about Thought. Chicago,
IL: University of Chicago Press.

Ninness, C., Newton, R., Saxon, J., Rumph, R., Bradfield, A., Harrison, C., et al.
(2002). Small group statistics: a Monte Carlo comparison of parametric and
randomization tests. Behav. Soc. Issues 12, 53–63. doi: 10.5210/bsi.v12i1.79

Novack, M. A., Congdon, E. L., Hemani-Lopez, N., and Goldin-Meadow, S. (2014).
From action to abstraction: using the hands to learn math. Psychol. Sci. 25,
903–910. doi: 10.1177/0956797613518351

Perry, M., Church, R. B., and Goldin-Meadow, S. (1988). Transitional knowledge
in the acquisition of concepts. Cogn. Dev. 3, 359–400. doi: 10.1016/0885-
2014(88)90021-4

Perry, M., Church, R. B., and Goldin-Meadow, S. (1992). Is gesture-speech
mismatch a general index of transitional knowledge? Cogn. Dev. 7, 109–122.
doi: 10.1016/0885-2014(92)90007-E

Piaget, J., and Cook, M. (Trans.) (1952). The Origins of Intelligence in Children, 2nd
Edn. New York, NY: W. W. Norton and Company, 418.

Pine, K. J., Lufkin, N., Kirk, E., and Messer, D. (2007). A microgenetic analysis
of the relationship between speech and gesture in children: evidence for
semantic and temporal asynchrony. Lang. Cogn. Proc. 22, 234–246. doi:
10.1080/01690960600630881

Reed, E. S. (1982). An outline of a theory of action systems. J. Mot. Behav. 14,
98–134. doi: 10.1080/00222895.1982.10735267

Reuzel, E., Embregts, P. J. C. M., Bosman, A. M. T., Cox, R., Van
Nieuwenhuijzen, M., and Jahoda, A. (2013). Conversational synchronization
in naturally occurring settings: a recurrence-based analysis of gaze directions
and speech rhythms of staff and clients with intellectual disability. J. Nonverbal
Behav. 37, 281–305. doi: 10.1007/s10919-013-0158-9

Reuzel, E., Embregts, P. J. C. M., Bosman, A. M. T., Cox, R. F. A., Van
Nieuwenhuijzen, M., and Jahoda, A. (2014). Verbal interactional dominance

and coordinative structure of speech rhythms of staff and clients with an
intellectual disability. Nonlinear Dynamics Psychol. Life Sci. 18, 371–396.

Richardson, D. C., and Dale, R. (2005). Looking to understand: the coupling
between speakers’ and listeners’ eye movements and its relationship to discourse
comprehension. Cogn. Sci. 29, 39–54. doi: 10.1207/s15516709cog0000_29

Richardson, D. C., Dale, R., and Kirkham, N. Z. (2007). The art of conversation
is coordination: common ground and the coupling of eye movements during
dialogue. Psychol. Sci. 18, 407–413. doi: 10.1111/j.1467-9280.2007.01914.x

Richardson, M. J., Schmidt, R. C., and Kay, B. A. (2007). Distinguishing the
noise and attractor strength of coordinated limb movements using recurrence
analysis. Biol. Cybern. 96, 59–78. doi: 10.1007/s00422-006-0104-6

Schwartz, M. S., and Fischer, K. W. (2004). “Building general knowledge and
skill: cognition and microdevelopment in science learning,” in Cognitive
Developmental Change: Theories, Models, and Measurement, eds A. Demetriou
and A. Raftopoulos (Cambridge: Cambridge University Press), 28.

Shanahan, L. E., and Roof, L. M. (2013). Developing strategic readers: a multimodal
analysis of a primary school teacher’s use of speech, gesture and artefacts.
Literacy 47, 157–164. doi: 10.1111/lit.12002

Shockley, K., Butwill, M., Zbilut, J. P., and Webber, C. L. Jr. (2002). Cross
recurrence quantification of coupled oscillators. Phys. Lett. A 305, 59–69. doi:
10.1016/S0375-9601(02)01411-1

Shockley, K., Santana, M. V., and Fowler, C. A. (2003). Mutual interpersonal
postural constraints are involved in cooperative conversation. J. Exp. Psychol.
Hum. Percept. Perform. 29, 326–332. doi: 10.1037/0096-1523.29.2.326

Siegler, R. S. (1989). Mechanisms of cognitive development. Annu. Rev. Psychol. 40,
353–379. doi: 10.1146/annurev.ps.40.020189.002033

Siegler, R. S. (2006). “Microgenetic analyses of learning,” in Handbook of Child
Psychology, 6th Edn, eds D. Kuhn and R. Siegler (Hoboken, NJ: John Wiley and
Sons, Inc.), 46.

Siegler, R. S. (2007). Cognitive variability. Dev. Sci. 10, 104–109. doi: 10.1111/j.
1467-7687.2007.00571.x

Smith, L. B. (2010). Action as developmental process – a commentary on Iverson’s
“Developing language in a developing body: the relationship between motor
development and language development”. J. Child Lang. 37, 263–267. doi:
10.1017/S0305000909990535

Smith, L. B., and Thelen, E. (2003). Development as a dynamic system. Trends
Cogn. Sci. 7, 343–348. doi: 10.1016/S1364-6613(03)00156-6

Stephen, D. G., Boncoddo, R. A., Magnuson, J. S., and Dixon, J. A. (2009a). The
dynamics of insight: mathematical discovery as a phase transition. Mem. Cogn.
37, 1132–1149. doi: 10.3758/MC.37.8.1132

Stephen, D. G., Dixon, J. A., and Isenhower, R. W. (2009b). Dynamics of
representational change: entropy, action, and cognition. J. Exp. Psychol. Hum.
Percept. Perform. 35, 1811–1832. doi: 10.1037/a0014510

Sternberg, R. J. (1984). Mechanisms of Cognitive Development. New York, NY:
Freeman, 218.

Thelen, E. (2000). Grounded in the world: developmental origins of the embodied
mind. Infancy 1, 3–28. doi: 10.1207/S15327078IN0101_02

Thelen, E., and Corbetta, D. (2002). “Microdevelopment and dynamic systems:
applications to infant motor development,” in Microdevelopment: Transition
Processes in Development and Learning, eds N. Granott and J. Parziale
(Cambridge: Cambridge University Press), 20.

Thelen, E., and Smith, L. B. (2007). “Dynamic systems theories,” in The Child:
An Encyclopedic Companion, eds Shweder and A. Richard (Chicago, IL:
The University Of Chicago Press), 264–265. doi: 10.1002/9780470147658.chps
y0106

Todman, J. B., and Dugard, P. (2001). Single-Case and Small-n Experimental
Designs: A Practical Guide to Randomization Tests. Mahwah, NJ: Lawrence
Erlbaum Associates Publishers, 304.

Trudeau, J. J., and Dixon, J. A. (2007). Embodiment and abstraction: actions
create relational representations. Psychon. Bull. Rev. 14, 994–1000. doi:
10.3758/BF03194134

Turvey, M. T. (2007). Action and perception at the level of synergies. Hum. Mov.
Sci. 26, 657–697. doi: 10.1016/j.humov.2007.04.002

Van der Steen, S. (2014). “ How Does It Work?” A Longitudinal Microgenetic Study
On The Development Of Young Children’s Understanding Of Scientific Concepts.
Doctoral dissertation, University of Groningen, Groningen.

Van der Steen, S., Steenbeek, H., Van Dijk, M., and Van Geert, P. (2014). A process
approach to children’s understanding of scientific concepts: a longitudinal

Frontiers in Psychology | www.frontiersin.org 18 March 2016 | Volume 7 | Article 473

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-00473 March 30, 2016 Time: 15:55 # 19

De Jonge-Hoekstra et al. Asymmetric Dynamic Attunement of Speech and Gestures

case study. Learn. Individ. Diff. 30, 84–91. doi: 10.1016/j.lindif.2013.
12.004

Van der Steen, S., Steenbeek, H., and Van Geert, P. (2012). “Using the dynamics of
a person-context system to describe children’s understanding of air pressure,” in
Current Topics in Children’s Learning and Cognition, eds H. Kloos, B. J. Morris,
and J. L. Amaral (Rijeka: InTech), 21–44.

Van Geert, P. (1998). A dynamic systems model of basic developmental
mechanisms: Piaget, Vygotsky, and beyond. Psychol. Rev. 105, 634–677. doi:
10.1037//0033-295X.105.4.634-677

Van Geert, P. (2003). “Dynamic systems approaches and modeling of
developmental processes,” in Handbook of Developmental Psychology, eds
J. Valsiner and K. J. Conolly (London: Sage), 32.

Van Geert, P. (2008). “Nonlinear complex dynamic systems in developmental
psychology,” in Chaos and Complexity in Psychology – The Theory of Nonlinear
Dynamical Systems, eds S. Guastello, M. Koopmans, and D. Pincus (Cambridge:
Cambridge University Press), 39.

Van Geert, P. (2011). The contribution of complex dynamic systems to
development. Child Dev. Perspect. 5, 273–278. doi: 10.1111/j.1750-
8606.2011.00197.x

Van Geert, P., and Steenbeek, H. (2005). Explaining after by before: basic aspects
of a dynamic systems approach to the study of development. Dev. Rev. 25,
408–442. doi: 10.1016/j.dr.2005.10.003

Van Geert, P., and Van Dijk, M. (2002). Focus on variability: new tools to
study intra-individual variability in developmental data. Infant Behav. Dev. 25,
340–374. doi: 10.1016/S0163-6383(02)00140-6

Van Geert, P. L. C., and Fischer, K. W. (2009). “Dynamic systems and the quest
for individual based models of change and development,” in Toward a New
Grand Theory of Development? Connectionism and Dynamic Systems Theory
Reconsidered, eds J. P. Spencer, M. S. C. Thomas, and J. McClelland (Oxford:
Oxford University Press), 22.

Van Orden, G. C., Holden, J. G., and Turvey, M. T. (2003). Self-organization of
cognitive performance. J. Exp. Psychol. Gen. 132, 331–350. doi: 10.1037/0096-
3445.132.3.331

Van Orden, G. C., Holden, J. G., and Turvey, M. T. (2005). Human cognition
and 1/f scaling. J. Exp. Psychol. Gen. 134, 117–123. doi: 10.1037/0096-3445.
134.1.117

Vygotsky, L. S. (1994). “The development of academic concepts in school aged
children,” in The Vygotsky Reader, eds R. Van der Veer and J. Valsiner (Oxford:
Wiley-Blackwell), 15.

Webber, C. L. Jr., and Zbilut, J. P. (2005). “Recurrence quantification analysis of
nonlinear dynamical systems,” in Tutorials in Contemporary Nonlinear Methods
for the Behavioral Sciences, eds M. A. Riley and G. C. Van Orden (Arlington, VA:
National Science Foundation), 68.

Weiss, E. J., and Flanders, M. (2004). Muscular and postural synergies of the human
hand. J. Neurophysiol. 92, 523–535. doi: 10.1152/jn.01265.2003

Wijnants, M. L., Bosman, A. M. T., Hasselman, F., Cox, R. F. A., and Van Orden,
G. C. (2009). 1/f scaling fluctuation in movement time: temporal structure
changes with massed practice. Nonlinear Dynamics Psychol. Life Sci. 13, 79–98.

Wijnants, M. L., Cox, R. F. A., Hasselman, F., Bosman, A. M. T., and Van Orden,
G. C. (2012a). A trade-off study revealing nested timescales of constraint. Front.
Physiol. 3:116. doi: 10.3389/fphys.2012.00116

Wijnants, M. L., Hasselman, F., Cox, R. F. A., Bosman, A. M. T., and Van Orden, G.
(2012b). An interaction-dominant perspective on reading fluency and dyslexia.
Ann. Dyslexia 62, 100–119. doi: 10.1007/s11881-012-0067-3

Yan, Z., and Fischer, K. (2002). Always under construction: dynamic variations
in adult cognitive microdevelopment. Hum. Dev. 45, 141–160. doi:
10.1159/000057070

Zbilut, J. P., Giuliani, A., and Webber, C. L. Jr. (1998). Detecting deterministic
signals in exceptionally noisy environments using cross-recurrence
quantification. Phys. Lett. A 246, 122–128. doi: 10.1016/S0375-9601(98)00457-5

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 De Jonge-Hoekstra, Van der Steen, Van Geert and Cox. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychology | www.frontiersin.org 19 March 2016 | Volume 7 | Article 473

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

	Asymmetric Dynamic Attunement of Speech and Gestures in the Construction of Children's Understanding
	Introduction
	Materials And Methods
	Participants
	Procedure
	Materials
	Analysis
	Coding Procedure
	Time Series
	Cross Recurrence Quantification Analysis
	LOS-Profile Analysis

	Research Questions and Hypotheses
	Research Question 1
	Research Question 2
	Research Question 3
	Research Question 4
	Monte Carlo Analysis


	Results
	Research Question 1: What is the Temporal Relation between Gestures and Speech, in Terms of their Displayed Skill Level?
	Research Question 2: What is the Relative Strength and Direction of the Interaction between the Gesture and Speech Subsystems?
	Research Question 3: What is the Relative Strength and Direction of the Gesture–Speech Interaction for Different Skill-Levels Tiers?
	Does Age Play a Role?

	Research Question 4: How are the Measures of Coordination between Gestures and Speech Subsystems Related to More Stable Child Characteristics and School Outcome Measures?

	Discussion
	Summary of Results
	Dynamic, Entangled Development of Gestures, Speech, and Cognitive Skills
	Age, Language Score, and the Dynamic Emergence of Speech and Gestures
	Average Score on Past Tasks, Math-Score, and Higher-Order Understanding Emerging from Actions


	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


