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A B S T R A C T

Higher-order thinking is relational reasoning in which multiple representations are linked together, through
inferences, comparisons, abstractions, and hierarchies. We examine the development of higher-order thinking in
64 preschool-aged children, observed from 14 to 58 months in naturalistic situations at home. We used children's
spontaneous talk about and with relations (i.e., higher-order thinking talk, or HOTT) as a window onto their
higher-order thinking skills. We find that surface HOTT, in which relations between representations are more
immediate and easily perceptible, appears before—and is far more frequent than—structure HOTT, in which
relations between representations are more abstract and less easy to perceive. Child-specific factors (including
early vocabulary and gesture use, first-born status, and family income) predict differences in children's onset
(i.e., age of acquisition) of HOTT and its trajectory of use across development. Although HOTT utterances tend to
be longer and more syntactically complex than non-HOTT utterances, HOTT frequently appears in non-complex
utterances, and a substantial proportion of children achieve complex utterance onset prior to the onset of HOTT.
This finding suggests that complex language is neither necessary nor sufficient for HOTT to occur; other factors
above and beyond complex linguistic skills are involved in the onset and use of higher-order thinking. Finally,
we found that the trajectory of HOTT, particularly structure HOTT—but not complex utterances—during the
preschool period predicts standardized outcome measures of inference and analogy skills in grade school, which
underscores the crucial role that this kind of early talk plays for later outcomes.

1. Introduction

As children acquire language, they also develop the ability to use
higher-order thinking, which is the cognitive capacity to make in-
ferences and generalizations, use classifications and taxonomies, and
broadly go beyond the information given (Bruner, 1973; Resnick,
1987). It is a crucial part of children's emerging cognitive development,
and higher-order thinking is increasingly highlighted as a focal goal for
education in the 21st century (Koenig, 2015).

Despite its importance, little is known about the developmental
trajectory of children's higher-order thinking communication in natur-
alistic contexts (as opposed to experimental contexts, where far more is
known), nor about individual variation in its use. In addition, although
the human capacities for both generative, symbolic language and
higher-order cognitive skills have been argued to differentiate humans

from other animals (Gentner, 2003; Gentner & Christie, 2008; Penn,
Holyoak, & Povinelli, 2008), the relations between their development
are not well understood.

1.1. Linguistic roots of higher-order thinking

In this paper, we examine the early foundations of higher-order
thinking by examining children's engagement in talk about and with
relations, which we define as higher-order thinking talk (HOTT). We use
longitudinal observations of 64 children, videotaped at home every
4 months from 14 to 58 months, to determine the age in development
when children begin to regularly display higher-order thinking in their
spontaneous talk (their HOTT onset), and we chart the trajectory of this
talk over time (Section 3.1). We also explore child-specific factors (e.g.,
first-born status, family income, early vocabulary and gesture use) that
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have the potential to influence the onset and developmental trajectory
of HOTT (Section 3.2). Furthermore, because HOTT utterances may be
longer and more syntactically complex than non-HOTT utterances, we
investigated the extent to which HOTT use can be disentangled from
complex language use (Section 3.3). Finally, we ask whether children's
early HOTT is related to their performance on standardized measures of
higher-order thinking (including verbal and non-verbal analogical
reasoning and text-based inferencing ability) administered years later
during grade school (Section 3.4). If so, this relation would validate the
role of HOTT as an early index of, and potential training opportunity
for, children's higher-order thinking.

1.2. Defining higher-order thinking

Higher-order thinking is, in the words of educational psychologist
Lauren Resnick (1987), “difficult to define but easy to recognize when it
occurs” (pg. 44). There are as many different ways to define it as there
are researchers studying it, but what most definitions have in common
is that higher-order thinking involves rearranging or extending
knowledge in novel ways. As Lewis and Smith (1993) say, “Higher-
order thinking occurs when a person takes new information and in-
formation stored in memory and interrelates and/or rearranges and
extends this information to achieve a purpose or find possible answers
in perplexing situations” (pg. 136). In this paper, we use the definition
of higher-order thinking offered by Resnick (1987): Higher-order
thinking involves “elaborating the given material, making inferences
beyond what is explicitly presented, building adequate representations,
[and] analyzing and constructing relationships” (pg. 45).

More specifically, we operationalize higher-order thinking as talk in
which an individual's utterance (a unit of speech; see the Methods
section) includes reference to an inference or explanation, a compar-
ison, an abstraction/generalization, or a hierarchy/taxonomic re-
lationship. We identified these four types of higher-order thinking on
the basis of literature reviews and pilot analyses. Together, they con-
stitute a broad category of speech we call ‘higher-order thinking talk,’
or HOTT. We also differentiate between HOTT that references more
immediate and perceivable relationships (surface) versus deeper, un-
derlying relationships (structure), a distinction that the literature on
reasoning and transfer has clarified to require different levels of skill
(see Bransford, Brown, & Cocking, 1999; Gentner & Markman, 1997;
Gick & Holyoak, 1983).

1.3. Importance of higher-order thinking

The ability to use higher-order thinking is increasingly recognized
as critical to academic and employment success in the 21st century
(Common Core State Standards Initiative, 2010; National Research
Council, 2001, 2007, 2012, 2013). As technology has advanced, today's
students have fingertip access to wide Internet knowledge and in-
formation resources. At the same time, students are increasingly chal-
lenged by how best to attend to and use this information, and to or-
ganize it effectively so it can be applied to novel situations.

This dilemma is acute: students in the United States, one of the
wealthiest and most well-connected countries in the world, frequently
lag behind their international peers in standardized assessments of
math and science (Gonzales, 2001; Mullis, Martin, Gonzalez, &
Chrostowski, 2004). Differences in teaching instruction can partially
explain these gaps (Hiebert et al., 2003; Richland, Zur, & Holyoak,
2007). For example, although American teachers use conceptually rich
problems and comparisons at similar rates as teachers from higher-
achieving regions such as Hong Kong or Japan, they differ in their use
of visuo-spatial supports that draw students' attention to relevant ab-
stract relations (Richland et al., 2007). Richland et al. (2007) suggest
that these differences might reflect different cultural orientations to
relational reasoning. Developing the ability to attend to relations be-
tween representations may therefore be fundamental to supporting

abstract thought and developing domain-general thinking skills, which
are critical areas of concern for the modern student.

1.4. Developmental origins of higher-order thinking

Educational and developmental psychologists question when in
development children ‘start’ using higher-order thinking (e.g., Walker &
Gopnik, 2014). We take the position, however, that there is no one
particular moment of onset, as children's capacity for complex rela-
tional thinking depends on domain, context, and the specific demands
of the task at hand; for example, whether or not the tasks use language.
Studies using looking-time or simple physical problem-solving tasks
suggest that higher-order and relational reasoning capacity at a basic
level emerges very early in development. Pre-linguistic infants as young
as 7 months demonstrate generalization of the same-different relation,
and generalize this relation to novel pairs (Ferry, Hespos, & Gentner,
2015). Paradigms exploring early causal thinking similarly show that
young infants grapple with relational thinking (Wang & Baillargeon,
2008). For example, 13-month-olds learned to transfer a pulling rela-
tion (where a cloth could be pulled to reach a toy) to a novel situation
(Chen, Sanchez, & Campbell, 1997). The fact that pre-linguistic infants
can identify and transfer relationships provides some evidence that
higher-order reasoning cannot be entirely dependent on language.

Researchers have found evidence of relational reasoning in experi-
mental tasks that use language beginning around 2 years of age
(Christie & Gentner, 2014; Loewenstein & Gentner, 2005), suggesting
this might also be the age at which children first use higher-order
thinking in their spontaneous talk. By ages 3–4, children are much more
reliable in their skills even when assessed with language-based tasks
(Richland, Morrison, & Holyoak, 2006), and are able to use higher-
order relational reasoning when they have adequate knowledge of a
task and the task demands are minimized.

Although children begin cultivating higher-order reasoning abilities
very early in development, at this young age, they are still challenged
by increasing relational complexity, and show susceptibility to errors
related to perceptually-similar foils (Richland et al., 2006). Early in
development, children largely attend to surface-level perceptual re-
lationships between representations (as in surface HOTT) when these
are salient and available. For example, children might state that a plant
stem is similar to a drinking straw because both are long and skinny. As
they grow and become more knowledgeable, and as their cognitive
resources expand, children more often attend to deeper functional si-
milarities (as in structure HOTT). They begin to make adult-like judg-
ments such as explaining that a plant stem is similar to a drinking straw
because both are used to deliver nourishment to a living thing, and both
use differential pressure to move liquid up the shaft (Gentner, 1988).
This change has been frequently described as the ‘relational shift’
(Gentner, 1988; Gentner & Ratterman, 1991), although the nature of
children's developmental changes in relational reasoning is debated
(e.g., see Goswami, 1992; Simms, Frausel, & Richland, 2018). Whatever
the cause of the change, the early prioritization of salient object-level
and perceptual information may pave the way for more complex and
abstract relational structures later in development.

At the same time that children are developing these more robust
higher-order skills, they are simultaneously acquiring more complex
language abilities. Next, we discuss relations between language and
higher-order thinking development, including how specific language
features (e.g., vocabulary, syntax) may be useful, or even necessary, for
higher-order reasoning.

1.5. The role of language in higher-order and relational reasoning

Gentner and Goldin-Meadow (2003) described three models for how
language could support thinking: (1) the language as lens view, or lin-
guistic determinism, which theorizes that language shapes speakers'
perceptions of the world; (2) the language as category shift view, or
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linguistic relativism, which theorizes that while conceptual categories
are universal, language can influence their boundaries; and (3) the
language as toolkit view. Our approach best fits under this third view,
which postulates that language provides concepts and strategies to
support representation and reasoning skills, but does not supplant
them. Language may serve to ‘bootstrap’ relational reasoning, and
provide the tools for children to extract and formulate relational re-
presentations in the world. Consequently, language may also serve as a
‘bottleneck,’ preventing children who lack adequate linguistic skills
from engaging in and communicating their higher-order thoughts.

1.5.1. Evidence from experiments
The experimental literature has provided some indication that lan-

guage is interrelated with reasoning proficiency. One well-documented
phenomenon is that adding useful lexical items to task instructions can
improve children's proficiency. For instance, providing spatial (in, on,
under) and relational (top, middle, bottom) words made 3- and 4-year-
olds more proficient at a spatial mapping task (Loewenstein & Gentner,
2005). Children given a challenging mapping task perform better even
when provided with more abstract relational labels—Daddy, Mommy,
and Baby—that convey monotonic changes in size (Gentner &
Ratterman, 1991; Ratterman & Gentner, 1998; see also Christie &
Gentner, 2014). These studies suggest that relational reasoning can be
supported by the introduction of linguistic labels denoting relational
concepts; the use of relational language may invite children to form
deeper relational representations.

1.5.2. Evidence from naturalistic studies
We turn next to the relatively few studies of spontaneous language

and higher-order thinking development. Özçalışkan, Goldin-Meadow,
Gentner, and Mylander (2009) asked whether being exposed to a con-
ventional linguistic system—one that contains explicit terms to high-
light comparison such as ‘like’—is essential for children to make dif-
ferent types of similarity comparisons. Özçalışkan et al. (2009)
compared spontaneous comparisons made by 1-to-3-year-old typically-
developing children to spontaneous comparisons made by 2-to-4-year-
old deaf children who lacked exposure to a usable language model. The
hearing losses of the deaf children prevented them from benefiting from
spoken linguistic input, and their hearing parents had not exposed them
to sign language. Nonetheless, these deaf children and their hearing
families invented gesture systems called homesigns to communicate with
their hearing family members (Feldman, Goldin-Meadow, & Gleitman,
1978; Goldin-Meadow, 2003). These homesign systems are structured
in language-like ways (Goldin-Meadow & Mylander, 1984), but, im-
portantly for our purposes, lack an explicit comparison term, such as
‘like.’

Özçalışkan et al. (2009) found that the homesigners expressed si-
milarity relations in their gestures (e.g., point at cat + point at tiger;
point at train + point at car), even though none had spontaneously
developed a sign for the term ‘like.’ However, their comparisons were
always between objects from the same superordinate category that
shared multiple features (as in the cat-tiger and train-car examples),
and thus were more limited in scope. In contrast, the typically-devel-
oping children not only used these broad comparisons, but also used
more focused comparisons between objects from different super-
ordinate categories that revolved around a single feature (e.g., high-
lighting the similarity in color between a red apple and a red book, or
the similarity in shape between a lollipop and a balloon). Interestingly,
they did so only after acquiring the word ‘like’ around 30 months.

The fact that the typically-developing children began producing
these more focused comparisons, based on specific features, after they
acquired the word ‘like’—and that the homesigners who lacked the
word ‘like’ did not produce focused comparisons—suggests that
learning and using a word for similarity may be instrumental in ex-
pressing more complex relationships between representations. Certain
lexical items may be necessary for children to engage in higher-order

reasoning, as when making comparisons. However, less is known about
whether other aspects of language (e.g., certain types of syntactic
structures) facilitate higher-order thinking use.

1.6. The current study

Despite the importance of higher-order and relational reasoning,
and its development in tandem with other important linguistic skills in
early childhood, the emergence of higher-order cognitive skills in ev-
eryday home contexts is not well understood (though see Callanan &
Oakes, 1992, who used diary records from parents to record how pre-
schoolers' causal questions in everyday interaction contributes to their
understanding of causal knowledge structures). The current project
bridges this gap through analysis of an unusually rich set of longitudinal
data on children's early talk and later thinking and reasoning skills.
Sixty-four typically-developing, monolingual English-acquiring chil-
dren were videotaped in their homes every 4 months between 14 and
58 months while engaging in regular, everyday activities, yielding over
1000 h of video. These same children were visited years later in grade
school and administered standardized reasoning outcome measures.

Although early language is known to vary by socioeconomic status
(SES) and to predict differences in children's long-term school and ca-
reer success, researchers have not yet examined whether these same
disparities are present for higher-order reasoning development.
Furthermore, little previous research has examined how the develop-
ment of higher-order reasoning is related to the development of com-
plex language abilities—in part, because the majority of studies of
children's thinking and reasoning have been conducted cross-section-
ally using experimenter-derived tasks (e.g., Loewenstein & Gentner,
2005; Richland et al., 2006). Moreover, studies of language develop-
ment using naturalistic data (e.g., Hart & Risley, 1995; Huttenlocher,
Haight, Bryk, Seltzer, & Lyons, 1991) have largely examined differences
in language use, such as vocabulary diversity and syntactic complexity.
Little previous research has explored the nature and complexity of the
thinking embedded in the spontaneous talk produced by children early
in development.

Despite these traditionally distinct research pathways, the sponta-
neous use of conceptually and linguistically complex language in early
childhood may have long-term impacts on children's later thinking and
reasoning skills. The spontaneous home talk collected and coded in this
study spans from 14 months to 58 months, a crucial period in which
language emerges and grows in complexity, and which also represents a
period of great growth in children's thinking and reasoning develop-
ment. These data thus allow for new insights into the development of
children's thinking and reasoning as expressed through their early
language.

1.7. Research questions

This paper addresses four research questions.

1.7.1. How do children from 14 to 58 months vary in their onset and
developmental trajectory of spontaneous higher-order thinking talk (HOTT)?

Based on the experimental literature (e.g., Christie & Gentner, 2014;
Loewenstein & Gentner, 2005), we predict that HOTT will emerge with
regularity around the beginning of the second year of life. Furthermore,
we predict that children will vary widely in their onset and trajectory of
HOTT, just as they exhibit great variability in their early lexicons
(Huttenlocher et al., 1991), syntax (Huttenlocher, Vasilyeva,
Cymerman, & Levine, 2002), and other linguistic skills. Finally, we
predict that, due to the different levels of skill required when identi-
fying deeper, more abstract relationships in contrast to simpler, more
immediate relationships, onset of structure HOTT will occur later in
development than onset of surface HOTT.
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1.7.2. What child-specific factors, such as family income, birth order, and
early language use, are associated with the onset and trajectory of HOTT?

We expect that HOTT might be another language area, similar to
vocabulary (e.g., Hart & Risley, 1995), where we find socioeconomic
disparities. Children whose parents have higher incomes may use HOTT
earlier and more often overall. In addition, we might expect birth order
to influence input and use, since the oldest or only child may receive
more individualized input from his or her parents, resulting in earlier or
more frequent HOTT use. Finally, early language use might influence
HOTT. Children with larger vocabularies early in development, or who
use a wider variety of gestures to communicate, may elicit richer input
from their caregivers, which may result in earlier onset of HOTT and
more HOTT use across development.

1.7.3. What is the relation between HOTT and complex language?
Previous research has focused on relations between higher-order

thinking and vocabulary. We expand this inquiry to explore two related
questions concerning the extent to which HOTT use can be disentangled
from complex language use.

Our first question is whether HOTT utterances are longer and more
complex than non-HOTT utterances. To answer this question, we as-
sessed the linguistic form (utterance length and verbs per utterance) of
surface HOTT, structure HOTT, and non-HOTT utterances. If HOTT
utterances are comprised primarily of complex utterances (which we
define as utterances containing two or more verbs), this would suggest
that our measure of HOTT largely reduces to being another measure of
language complexity. Furthermore, it would suggest that describing
complex relationships in the world necessarily requires speakers to use
complex language—not just certain kinds of words, but lengthier
speech and more complex syntax. If, however, HOTT appears in non-
complex utterances as well as complex utterances, this would suggest
that HOTT and complex language, although perhaps related, are not
redundant. Complex language may provide speakers with strategies to
support complex representation and reasoning, but may not be neces-
sary for it to occur.

Our second question is whether the onset of HOTT coincides with
the onset of complex utterances. Complex utterances allow the ex-
pression of two or more propositions within a single utterance, and thus
have the potential to foster an understanding of relations between those
propositions; children may start using HOTT at the same time they start
using complex language. But if onset of complex language precedes
onset of HOTT, we would have evidence that, although having complex
language may relate to higher-order thinking development, complex
language alone is not sufficient. The ability to identify and articulate
relations between representations in the world using HOTT may call
upon additional cognitive and linguistic skills beyond the ability to
construct a complex utterance.

1.7.4. How is HOTT use from 14 to 58 months related to reasoning
outcomes in grade school, including analogical reasoning and inferencing
ability?

We explore, for the first time, whether higher-order thinking skills
are related across development, as are skills in domains such as math
(e.g., Case, Griffin, & Kelly, 1999; Mazzocco, Feigenson, & Halberda,
2011; Stevenson & Newman, 1986). Finding that relationships across
development are weak would suggest that factors later in development
(e.g., schooling) are needed to explain individual differences in higher-
order thinking outcomes.

Overall, the current manuscript focuses on research questions per-
taining to identifying HOTT as an important characteristic of children's
early spontaneous language, mapping its developmental trajectory and
relations to individual characteristics such as family income, and assessing
its predictive validity for future higher-order thinking skills. Determining
contributions and mechanisms underlying these patterns, including the
role of parent HOTT input, is beyond the scope of this manuscript, though
future analyses will be important in exploring these questions.

2. Methods

2.1. Participants

Sixty-four typically-developing children and their primary caregiver
(s) participated as part of a larger study of language development
(Goldin-Meadow et al., 2014). Participants were recruited from the
greater Chicago area. In order to recruit children and families, direct
mailings were sent to approximately 5000 families living in targeted zip
codes, and advertisements were placed in a free, monthly parenting
magazine. Responding parents were asked to confirm that they were
raising their children in an English-only language environment (ap-
proximately 85–90% English, based on parent report). Given that they
met this criterion, families were then interviewed for information on
their background characteristics in order to create a sample that was
demographically representative of the greater Chicago area, as reported
in the 2000 U.S. Census.

The resulting final sample has 31 girls and 33 boys, including 34
first-born or only children. The sample was ethnically diverse, including
14 African American, 9 Latino, 35 White, and 6 children of mixed race.
At the beginning of the study period, 5 families reported incomes of less
than $15,000; 13 had incomes between $15,000 and $34,999; 8 had
incomes between $35,000 and $49,999; 13 had incomes between
$50,000 and $74,999; 11 had incomes between $75,000 and $99,000,
and 14 reported incomes greater than $100,000. Using the midpoint of
each income category as an estimate, the sample had an average income
of $61,000 (SD = $32,000).

Parents were asked to report who was primarily responsible for
childcare. This person was asked to be home during filming of the home
visits. The majority of children (n = 56) had the mother as the primary
caregiver, two children had the father as the primary caregiver, and six
families reported that both parents equally shared the role (referred to
as dual caregivers). Primary caregivers had an average of 15.6 years
(SD = 2.2 years, range 10 to 18 years) of education, the equivalent of
slightly less than a Bachelor's degree (the mother's education level was
used for the dual caregiver families).

2.2. Procedure

Children were videotaped interacting with the primary caregiver(s)
during twelve 90-minute home visits conducted every 4 months from
14 to 58 months. This age range was selected because it represents the
period during which children first began to produce language until they
entered school. Parents and children were recorded engaging in or-
dinary, everyday activities such as playing with toys, reading books,
and having meals. Not all participants completed every session; on
average, subjects completed 11.3 sessions (SD = 1.8 sessions, range 4
to 12 sessions). Out of a possible 768 session visits (64 subjects × 12
visits each), a total of 726 visits were completed; i.e., only 5.5% of visits
were missing.

In addition, children were visited in their homes annually or bi-
annually beginning in grade school and continuing through late ado-
lescence. We examine whether children's early HOTT is related to
longer-term reasoning outcomes. The reasoning outcome measures are
standardized measures of text-based inferencing given to children at
age 9 and verbal and non-verbal analogy given at age 11. When chil-
dren were 10, their parents completed IQ measures, which we use as a
covariate. These measures will be discussed below in Section 3.6,
Standardized measures.

2.2.1. Transcription of speech in spontaneous interactions
All spontaneous speech by children was transcribed, including all

dictionary words, onomatopoeic sounds (e.g., woof-woof), and eva-
luative sounds (e.g., uh-oh). Ritualized or memorized speech, such as
song (e.g., singing the ABC's) and prayer (e.g., reciting the Lord's
Prayer), was not transcribed. Although a small number of utterances
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consisting of verbatim reading from books was initially transcribed
(n = 375), these utterances were removed from analyses to more ac-
curately capture children's use of spontaneous language. Transcribed
speech was divided into utterances, defined as any sequence of words
preceded and followed by a pause, a change in intonational pattern, or
a change in conversational turn (Rowe, 2012; Rowe & Goldin-Meadow,
2009). A total of 368,509 child utterances were analyzed, distributed
across the 726 visit transcripts.

One out of every three transcripts was checked for transcription
agreement; agreement was calculated at the utterance level and the
word level, and transcribers had to be at least 90% in agreement for
both measures. Ten minutes of each video (randomly selected from the
whole video) were transcribed by a second coder. If the first 10 min was
not at least 90% in agreement, a second 10 min were transcribed by the
second coder. If the transcript was still not at least 90% in agreement,
the transcript was sent back to the coder to be re-transcribed. After re-
transcription, another 10 min would be transcribed by the second
coder. This process continued until all reliability transcripts were at
least 90% in agreement for both words and utterance boundaries.

2.3. Coding higher-order thinking talk in spontaneous interactions

Each parent and child utterance was coded for the presence of
HOTT, although this paper only examines child utterances. HOTT is talk
that indexes two or more representations and constructs a bridge or link
between them. HOTT was coded when the child's utterance contained
both representations and the link between them; for example, “They're
laughing because he fell down.” In this example, the representations
indexed are two events—people laughing and a person falling
down—and the link between them, the word ‘because,’ implies caus-
ality. HOTT was also coded when the child responded to a HOTT-eli-
citing question; for example, a parent asks, “Why were they laughing?”
and the child replies, “Because he fell down,” where the question pro-
vides one representation and the response provides the second re-
presentation. HOTT was also coded when the child asked the HOTT-
eliciting question; for example, if the child asks, “Why were they
laughing?”

Reliability analyses were performed for parent and child speech
combined due to the interdependent nature of the coding, which relied
on surrounding talk. Ninety-seven transcripts (approximately 8 from
each time point), constituting 13.3% of the transcripts, were coded by
two or more people. The mean interrater percent agreement for iden-
tification of utterances as HOTT or not was 98.1% (range: 96.0–99.3%).

We also computed Cohen's kappa (Cohen, 1968), which assesses the
reliability of assigning observations to mutually exclusive categories
while correcting for chance agreement. It has values ranging from −1
to 1, though Cohen (1968) notes that values< 0 are unlikely in prac-
tice, so it generally ranges from 0 to 1; values 0.40–0.59 are regarded as
moderate, values 0.60–0.79 are regarded as substantial, and values over
0.80 are regarded as almost perfect (McHugh, 2012). The mean Cohen's
kappa for identification of utterances as HOTT or not was 0.81 (range
0.73–0.87). Disagreements were resolved through discussion or by the
more experienced coders.

2.3.1. Coding the four types of HOTT
For this study, four types of links or relationships between re-

presentations were included in HOTT: inference, comparison, abstrac-
tion, and hierarchy. Although many types of relations could be con-
sidered ‘higher-order,’ these four related skills are particularly useful
for educational application (Anderson, Greeno, Reder, & Simon, 2000;
Dumas, Alexander, & Grossnickle, 2013; Halford, Wilson, & Phillips,
2010; Speed, 2010). The four types of HOTT that we coded are defined
and illustrated below. Due to the relative infrequency of HOTT within
spontaneous discourse, we analyze the types of HOTT as a combined
set.

We calculated reliability for each HOTT type independently. Mean

interrater percent agreement was 99.3% (range 99.1–99.7%;
Mkappa = 0.86; rangekappa 0.79–0.92) for inferences; 99.4% (range
99.0–99.9%; Mkappa = 0.71; rangekappa 0.58–0.82) for comparisons;
99.8% (range 99.4–99.9%; Mkappa = 0.62, rangekappa 0.41–0.81) for
abstractions; and 99.9% (range 99.8–100%; Mkappa = 0.72; rangekappa
0.40–1.0) for hierarchies.

2.3.1.1. Inference. Inference is defined as deriving a conclusion not
otherwise given by using known (or logical) premises. The bridge
between representations in inferences is cause-and-effect, a conditional,
or speculation based on reasoning. For example, one 54-month-old
child said, “If I didn't have teeth, then I couldn't eat candy.” This
utterance arose as part of a conversation about the child's favorite part
of her body. In this example, the child uses conditional reasoning to
infer, in a situation where she had no teeth [representation 1], what
might happen—she would be unable to eat candy [representation 2].

2.3.1.2. Comparison. Comparison is defined as demonstrating
similarities or differences between entities by analogy or by example.
The bridge between representations in comparisons is of similarity or
difference. For example, the utterance, “A tornado is a like a mean
monster” indexes the representations of ‘tornado’ and ‘monster’ and
links them through the word “like.” An utterance such as, “The blue
stick is longer than the red stick” also illustrates a comparison between
two representations—the blue stick and the red stick—based on a
featural difference (in this example, length).

2.3.1.3. Abstraction. Abstraction is defined as pointing out mental
frameworks or models that could facilitate thinking, or making
definitions that attempt to describe the meaning of a word or
concept, beyond giving a label. In abstractions, representations are
bridged through generalizations or definitions. One sample abstraction
utterance is, “Every Halloween you can be something new.” Here the
two representations, ‘Halloween’ and ‘what you can be,’ are linked
through the use of the term “every,” invoking a generalization about
Halloween. Abstractions can also take the form of generalizing or
generic statements that ascribe defining characteristics to a concept,
such as “Big kids carry their own plates.” In this example, carrying one's
own plates is defined as a quality of big kids. Abstractions could also
take the form of word definitions, as in the utterance, “‘Spa’ means
there's a new place that has a bath.”

2.3.1.4. Hierarchy. Finally, hierarchy is defined as an arrangement of
categories with a superordinate or subordinate framework. An
utterance such as, “A hammer is a type of tool,” demonstrates a
hierarchical relationship by indexing the representations of ‘hammer’
and ‘tool,’ which are linked through the use of the word ‘type,’ stating
that hammers belong to a broader category of tools. More rarely,
families used more abstract classifications to denote hierarchies, as in
the utterance, “Killer whales are in the dolphin family.”

2.3.2. Coding surface and structure HOTT
In addition to coding the type of higher-order relationship, each

HOTT utterance was coded for conceptual complexity. Surface HOTT is
defined as a single-level mapping where the relationship between the
referents is not complex, and not dependent on a deep understanding of
the referents indexed; the types of correspondences identified were
often easy to perceive and more immediate (Richland & Simms, 2015).
For example, a surface inference is, “You knocked it so it fell down,”
and a surface comparison is, “Those are both red.” In contrast, structure
HOTT is defined as more complex mapping at a systemic level, and
requires a deeper understanding of the ideas being linked. The types of
correspondences identified are often relatively abstract (Richland &
Simms, 2015). For example, a structure inference is, “She's sad because
she misses her momma,” and a structure comparison is, “I want to be
brave like Piglet.” Appendix A contains additional criteria and further
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examples of surface and structure HOTT for each of the four types of
HOTT.

Utterances that contain multiple types of HOTT were automatically
coded as structure. For example, one child describes a drink she was
having at a restaurant by saying, “It was just like Coke because it was
spicy.” She illustrates the similarity between the unknown drink and
Coke using the word ‘like,’ and justifies their similarity using the word
‘because.’ Multiple types were found in only 3% of children's HOTT
utterances; the remaining 97% of HOTT utterances contained only one
type of relationship.

Two coders coded the surface/structure distinction on all HOTT
utterances after achieving a mean 98.3% agreement (κmean = 0.84) on
126 transcripts (which comprised 17% of the 726 transcripts in the
corpus). Appendix B reports the frequency of each HOTT type across
development. As noted above, for the remainder of this paper, we
collapse across HOTT types, and instead focus our analyses on the two
levels of HOTT complexity (surface vs. structure).

2.4. Coding language complexity in spontaneous interactions

2.4.1. Utterance length
The number of words in each utterance was coded to calculate mean

length of utterance (in words rather than morphemes; MLU-w) for each
child at each session (Demir, Rowe, Heller, Goldin-Meadow, & Levine,
2015). We calculate the average MLU-w for surface HOTT, structure
HOTT, and non-HOTT utterances at each timepoint in the corpus.

2.4.2. Syntactic complexity
Each word of each utterance was also tagged for part of speech

using CLAN tools (MacWhinney, 2000). The number of verbs in each
utterance was used as a measure of syntactic complexity, because it
correlated strongly (r = 0.88, p<0.001) with number of clauses per
utterance that were coded manually on a subset of the data. Any ut-
terance containing two or more verbs was classified as a complex ut-
terance.

2.5. Early child word and gesture types in spontaneous interactions as
covariates

2.5.1. Child word types at 14 months
We used the number of different word types children produced at

14 months to control for early vocabulary and linguistic skill. Child
word types at 14 months ranged from 0 to 59 (M = 14.0, SD = 14.5).

2.5.2. Child gesture types at 14 months
The spontaneous communicative gestures that children produce can

serve as an early index of variation in subsequent linguistic skill
(Iverson, Capirci, Volterra, & Goldin-Meadow, 2008; Rowe & Goldin-
Meadow, 2009). Therefore, in addition to speech transcription, gestures
were isolated from parents' and children's motor behavior, and lexical
meanings were attributed to the gestures using coding criteria reported
in previous studies (Goldin-Meadow & Mylander, 1984). We use the
number of gesture types that children produced at 14 months as an-
other indicator of early linguistic skill. Gesture types was defined as the
number of different meanings conveyed by gesture. We counted each
conventional and representational gesture used by children associated
with a different meaning (e.g., shake head no to convey no; arms
flapping to convey flying), as well as each deictic gesture that indicated
a different object as a distinct gesture type. Child gesture types at
14 months ranged from 4 to 54 (M = 21.7, SD = 12.5).

2.6. Standardized measures

2.6.1. Child higher-order thinking outcome measures
At ages 9 and 11, participants were administered four standardized

outcome measures of higher-order thinking in their homes, including

text-based inferencing ability and analogical reasoning. Ten children
dropped out of the study in the early period and thus were not given
any of the outcome measures. Out of the 54 participants who took the
outcome measures, 48 had all four measures; two children were each
missing a single measure (one from age 9 and one from age 11), and
four were missing both measures at age 11. The four measures are
described below.

2.6.1.1. Diagnostic Assessment of Reading Comprehension. To assess
inferential ability, participants took the Diagnostic Assessment of
Reading Comprehension (DARC; August, Francis, & Calderón, 2002)
at age 9. The DARC has 164 multiple choice items designed to test
reading comprehension components, including text memory, text
inferencing, knowledge access, knowledge integration, and inference,
while controlling for background knowledge. Fifty-three children
completed this measure. The mean was 33.9 questions correct
(SD = 7.1, range 14 to 45) on the 45 questions that tested
knowledge integration and text inferencing (components of higher-
order thinking).

2.6.1.2. Gates-MacGinitie Test of Reading. To assess inferencing in a
school-like task, and to complement the DARC, we administered the
Gates-MacGinitie Test of Reading (GM; MacGinitie, MacGinitie, Maria,
& Dreyer, 2002). This norm-referenced assessment contains vocabulary
and reading comprehension sections with both literal and inferential
questions, and is widely used in school settings. We administered the
measure to the participants in both the fall and spring at ages 8 and 9.
For this paper, the age 9 fall and spring scores were analyzed (averaged
together, after finding that these two outcome measures were highly
correlated; r= 0.80, p<0.001) in order to complement the DARC, also
administered at age 9. Fifty participants completed this outcome
measure both times, and four children completed either the fall or
spring outcome measure (3 were missing the fall score, and 1 was
missing the spring score). The mean score was 512.1 (SD = 39.7; range
425.5 to 590.5) for the 54 children.

2.6.1.3. Ravens Progressive Matrices. Ravens Progressive Matrices
(Ravens; Raven, Raven, & Court, 2004), a nonverbal measure of
relational reasoning, was administered at age 11. The 60 items on
this measure have complex black-and-white patterns that participants
must use to determine the missing item that completes the visual
pattern. The mean score on the Raven's was 44.5 (SD= 7.0, range 28 to
58) for the 49 children who completed the measure.

2.6.1.4. Woodcock-Johnson III Verbal Analogies. Participants took the
Woodcock-Johnson III Verbal Analogies (WJ-VA; Woodcock, McGrew,
& Mather, 2001) subtest at age 11. Analogical reasoning in this measure
involves both vocabulary knowledge and relational reasoning in 13
items. The mean performance on the WJ-VA was 9.3 (SD= 1.9, range 5
to 13) for the 50 children who completed the age 11 visit.

2.6.2. Mother IQ measures used as covariates
When children were 10 years old, mothers completed the Wechsler

Abbreviated Scale of Intelligence, which is linked to the Wechsler Adult
Intelligence Scale-III used to determine IQ scores. There are two scales:
Verbal (WASI-V) and Perceptual (WASI-P). Of the 64 participants, 14
(22%) were missing these measures.

2.6.2.1. WASI-V. The verbal comprehension component (WASI-V)
contains vocabulary and similarities subtests, with 55 items, yielding
t-scores and scaled scores based on age (Maccow, 2011). The WASI-V
mean score for the 50 participants who completed it was 112.1
(SD = 16.6, range 80 to 149).

2.6.2.2. WASI-P. The perceptual reasoning component contained
matrix reasoning and block design subtests with 43 items, yielding t-
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scores and scaled scores based on age (Maccow, 2011). For the 50
participants who completed the WASI-P, the mean score was 103.7
(SD = 13.4, range 67 to 133).

2.7. Analytic approach

We use several statistical analyses, all of which used the utterance as
the elementary unit of analysis, to address our research questions. This
is an exploratory study (as this is the first paper on this specific phe-
nomenon using a naturalistic sample), so any statistical associations
should be taken as suggestive rather than definitive. For some de-
scriptive analyses, we transformed raw numbers of utterances to
number of HOTT utterances per hour to capture variations in session
length when transcripts were not exactly 90 min. On average, sessions
were 88.6 min long (SD = 4.8 min, range 44 to 97 min). In the models,
we used session length (in hours) as a time variable to account for
differences in session length. We use HOTT and age as within-subjects
factors, and child-specific factors (such as family income, first-born
status, and early child word and gesture types) as between-subjects
factors in our hierarchical linear growth models to describe early HOTT
development in children.

3. Results and discussion

In order to ensure reader clarity, and due to the complex nature of
these longitudinal data and analyses, we have integrated some discus-
sion of the results with the presentation of the data themselves. We
report analyses to address each of our four research questions in turn.

3.1. Onset and growth of HOTT between 14 and 58 months

We first report the frequency of HOTT and non-HOTT utterances
produced each hour across early childhood. As a baseline, Fig. 1a
presents the mean number of child utterances produced per hour that
do not contain HOTT from 14 to 58 months. Children greatly increase
the quantity of speech they produce, but tend to level out at around
400–450 utterances per hour at 34 months (the slight reduction in
quantity of utterances between 38 and 58 months may reflect less direct
interaction between children and others in the home as they age).
Fig. 1b presents the mean number of HOTT utterances produced per

hour between 14 and 58 months (note that the scale is different from
the scale in Fig. 1a). Children increase their HOTT during this period,
but generally level off at 46 months, when they are producing ap-
proximately 20 HOTT utterances per hour.

Age of onset of HOTT was coded as the age at which a child pro-
duced at least one HOTT utterance in two consecutive sessions (e.g., a
child who produced no HOTT utterances at 14- and 18-months, but did
produce HOTT utterances at 22- and 26-months, was given a HOTT
onset of 22 months). Using this criterion, the mean age of HOTT onset
was 27.0 months (SD= 6.7 months, range 14 to 42 months),1 indicated
with a dashed line on both graphs. Given the 4-month gap between
sessions we cannot be more precise, but HOTT appears to emerge in
spontaneous speech at approximately 23–27 months, which is in line
with prior literature indicating that children begin showing evidence of
relational reasoning in language-based tasks around the second year of
life (e.g. Christie & Gentner, 2014; Loewenstein & Gentner, 2005). Note
that the onset of HOTT occurs several months after the steep increase in
non-HOTT utterances, suggesting that the ability to produce HOTT calls
upon cognitive skills that go beyond language production.

Fig. 2 presents the mean number of surface and structure HOTT
utterances produced during the 14–58 month period. All children
produced surface HOTT utterances, and the onset of surface HOTT was
almost identical to overall HOTT onset (M = 27.7, SD = 6.8,
range = 14 to 42 months; indicated with the dark gray dashed line in
Fig. 2), simply because the majority of HOTT utterances early in de-
velopment were surface. In contrast, only 54 of the 60 relevant chil-
dren2 used structure HOTT two sessions in a row and thus achieved the
criterion for onset.3 For these children, the mean age of structure HOTT
onset was 34.7 months (SD = 7.8, range 14 to 54 months; indicated
with the light gray dashed line in Fig. 2).

Onset of structure HOTT was significantly later than onset of surface
HOTT (t(53) = −7.1, p<0.001), but the two onsets were correlated
(r = 0.50, p<0.001). At an individual level, 43 of the 54 children with
measurable surface and structure HOTT onsets (80%) began producing
surface HOTT before structure HOTT. Eight children (15%) had surface
and structure HOTT onset within the same session. Only three children
(5%) had structure HOTT onset prior to surface HOTT onset; these
children produced only a small number of structure HOTT (fewer than
three utterances per session).

(a) Non-HOTT utterances (b) HOTT utterances

0

100

200

300

400

500

600

14 18 22 26 30 34 38 42 46 50 54 58

U
tte

ra
nc

es
 p

er
 h

ou
r

Child age (months)

0

5

10

15

20

25

30

14 18 22 26 30 34 38 42 46 50 54 58
Child age (months)

H
O

T
T

 O
ns

et

H
O

T
T

 O
n

se
t

Fig. 1. Mean number of (a) non-HOTT utterances and (b) HOTT utterances produced during the spontaneous interactions from 14 to 58 months. Dashed line in both
graphs represents the mean age of HOTT onset. Error bars represent± 2 standard errors.

1 One child is eliminated from the HOTT onset analysis and the surface onset analyses because he dropped out of the study at 26-months, before his age of HOTT
onset could be determined.
2 Four children dropped out of the study before structure HOTT onset could be established: one child in addition to the one described in the previous footnote, who

both dropped out after the 26-month visit, and two who dropped out after the 34-month visit. Three of these children never produced any structure HOTT at all.
3 Six children with sufficient data nevertheless did not meet our criterion for structure HOTT onset and were coded as ‘no measurable onset.’ Their structure HOTT

onset likely occurred outside the study period (14–58 months), a phenomenon known as ‘censoring.’
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3.2. Using child-specific factors to predict the onset and trajectory of HOTT

3.2.1. Predicting HOTT onset
We next examined relationships between the onset of surface and

structure HOTT and child-specific factors, including parent character-
istics (family income, education, and WASI-V and WASI-P scores), child
characteristics (gender and first-born status), and early child language
covariates (word and gesture types at 14 months). Table 1 presents the
data. Using Pearson's correlations, we found a significant relation be-
tween family income and HOTT onset—children from higher-income
families began using both levels of HOTT earlier than children from
lower-income families. Note, however, that early child language
use—both word types and gesture types—relates to surface HOTT
onset, but not structure HOTT onset, which is particularly interesting
given how strongly the two HOTT onsets correlate.

Using a series of simple two-sample t-tests, we also investigated
whether there were differences in surface or structure HOTT onset
between boys and girls, and between first-born and later-born children.
We found no significant differences (0.19 < p<0.78), suggesting that
boys and girls, and first- and later-born children, do not differ in the age
at which they begin using surface or structure HOTT.

3.2.2. Predicting HOTT trajectories from 14 to 58 months
We next examine relationships between the trajectory (i.e., inter-

cept, slope, and acceleration) of surface and structure HOTT and child-
specific factors (e.g., family income, first-born status, early child word
and gesture types). This analysis allowed us to move beyond simply
onset or overall quantity of use, but rather rates of growth and

acceleration. We used a two-level, hierarchical linear model (HLM)
with number of child HOTT utterances at a given age as a Poisson
outcome (appropriate when examining counts of rare events whose
average rate is small and always positive, and where the distribution is
positively skewed) and session length in hours as a time variable. In
longitudinal HLM models, time points (level 1) are nested within in-
dividuals (level 2); the level 1 model accounts for variation over time
within each child (i.e., within-subjects), and the level 2 model re-
presents variation between children (i.e., between-subjects)
(Raudenbush & Bryk, 2002, chapter 10). At level 1, we include age in
months as a predictor, centered at 36 months, the middle of the
14–58 month period. A quadratic term for age was also used as a pre-
dictor to examine differences among individuals in rates of change. A
cubic age term was tested but did not improve the model, and thus is
not included in the model that follows:
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In this model, the outcome (Yti) at level 1 is the number of child
HOTT utterances for child i at time t. The λti term represents the latent
event rate per hour and the lti term represents the session length in
hours for child i at time t. The ηti term is the link function, and re-
presents the natural logarithm of child's rate of HOTT utterances.
Finally, the ati term represents the child's age in months, which has been
centered at 36 months. Because we centered age at the middle of the
study period, the intercept (π0), or status, represents average use at
36 months as well as average use over the entire study period, and the
growth term (π1) represents both the velocity at 36 months, as well as
the average velocity over the entire study period (the acceleration term,
π2, is not impacted by centering). Centering at the middle of the study
period enables the intercept and growth to have conceptual sig-
nificance, and also represents approximately the mean onset of struc-
ture HOTT (34.5 months). At level 2, the intercept (π0), growth (π1),
and acceleration (π2) terms are predicted by each p in n different child-
specific factors (Ci). The three trajectory parameters vary by the in-
dividual i, as each parameter has an ri random effect term.

Fig. 3 presents plots of empirical trajectories (left graphs) for surface
and structure HOTT, along with unconditional (i.e., with no child-
specific factors) predicted trajectories after exponentiating log trans-
formations (right graphs), demonstrating great variability in children's
use, growth, and rate of change of growth of HOTT. The steep drop-off
at the end of the study period in the predicted graphs reflects the de-
cline in children's total number of utterances (and HOTT utterances) at
the end of the study period (see Fig. 1 above).

We modeled surface and structure HOTT trajectories separately.
After running the unconditional growth models, we added child-specific
factors at level 2 stepwise to the models. The level 2 variables that we
tested include family income, parent education, parent verbal and
perceptual IQ, child gender, child first-born status, and child word and
gesture types at 14-months. We assessed the ability of these variables to
explain variation between individuals in intercept, growth, and accel-
eration of surface and structure HOTT. The estimates of the fixed and
random effects are reported in Table 2 (for surface HOTT) and Table 3
(for structure HOTT).

For surface HOTT, we first entered income to the model to examine
whether income-based disparities present in other measures of early
child language (e.g., vocabulary development) are likewise present in
HOTT development. Early child word types were added next, to
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Fig. 2. Mean number of surface and structure HOTT utterances produced
during the spontaneous interactions from 14 to 58 months. Dashed lines re-
present the mean onset age of surface HOTT (in dark gray) and structure HOTT
(in light gray). Error bars represent± 2 standard errors.

Table 1
Pearson's correlations between child-specific factors and age of onset of chil-
dren's surface and structure HOTT.

Surface onset Structure onset

Family income −0.41⁎

n = 63
−0.29⁎

n = 54
Parent education −0.22^

n = 63
−0.05
n = 54

WASI-V −0.16
n = 50

0.02
n = 45

WASI-P −0.07
n = 50

−0.08
n = 45

Child word types at 14 months −0.32⁎

n = 63
−0.19
n = 54

Child gesture types at 14 months −0.36⁎⁎

n = 63
−0.21
n = 54

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
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examine effects of children's early linguistic skill. Child status as the
first- or only-born child in his or her family was added next, which
could reflect differences in individualized input that first- or only-born
children, in contrast to later-born children, receive from caregivers.
Model comparison tests found that including other characteristics—-
child gender, child gesture types at 14 months, parent verbal and per-
ceptual IQ, and parent education—did not explain any additional var-
iation in surface HOTT trajectories (all p's > 0.50).

The final model for surface HOTT (Model 4 in Table 2) shows that
income, child word types, and child first-born status all relate to surface
HOTT use at 36 months (intercept), and child word types at 14 months
relates to both how surface HOTT changes over development (growth),
as well as its rate of change (acceleration).

We next modeled structure HOTT (Table 3). As with surface HOTT,
adding family income to the model explained variation in children's
structure HOTT use at 36 months. There were no effects of income on
structure HOTT growth or acceleration. Because child word types at
14 months predicts surface HOTT, it was added next to the structure
model. This model (not shown) marginally improved fit over a model
including only income, (χ2(3) = 8.99, p = 0.08), showing that child
word types at 14 months also predicts structure HOTT at 36 months,
with income remaining significant. Neither income nor child word
types predicts growth or acceleration rates of structure HOTT.

Because child word types only marginally improved model fit, we
compared a model containing income against another model including
income and child gesture types at 14 months (which serves as an earlier
index of children's language abilities than word types). The model
containing income and child gesture types at 14 months was a sig-
nificant improvement over the model containing only income
(χ2(3) = 13.06, p = 0.005). As a result, we use child gesture types at
14 months as a proxy for children's early language abilities to model
trajectories of structure HOTT.

Child first-born status was next added to the model, which predicted
the intercept (along with income and child gesture types at 14 months).
Model comparison tests showed that no other level 2 variables

significantly improved model fit (all p's > 0.50). Thus, the final model
for child structure HOTT (Model 4 in Table 3) includes family income,
child gesture types at 14, and child first-born status as predictors of the
intercept, growth, and acceleration.

Fig. 4 depicts model graphs (after exponentiating log transforma-
tions), showing predicted trajectories in surface and structure HOTT use
over development for different kinds of hypothetical children: those at
the 25th and 75th percentiles of income, and the 25th and 75th per-
centiles of child word types at 14 months (for surface HOTT) and child
gesture types at 14 months (for structure HOTT). These figures show
the income-based disparities in child surface and structure HOTT tra-
jectories. Although producing a greater variety of word types at
14 months does not interact with income-based disparities in surface
HOTT, producing a greater variety of gesture types at 14 months does
interact with income-based disparities in structure HOTT. Lower-in-
come children who are in the upper quartile with respect to gesture
types have a structure HOTT trajectory that is comparable to upper-
income children who are in the lower quartile with respect to gesture
types (see two middle lines in right graph).

3.3. Relations between complex language and HOTT development

Our findings thus far indicate significant variation among children
in the age at which they begin to produce HOTT (onset) and their
change over development (trajectory). Next, we examine two questions
concerning the extent to which HOTT use can be disentangled from
complex language use. First, we examine whether HOTT utterances
differ systematically from non-HOTT utterances in terms of linguistic
complexity. Second, we examine whether the onset of complex lan-
guage precedes the onset of HOTT.

3.3.1. Length and syntactic complexity of HOTT and non-HOTT utterances
We compared children's surface and structure HOTT utterances to

non-HOTT utterances on two measures of linguistic complexity: mean
length of utterance in words and number of verbs per utterance (see

(a) Empirical surface HOTT growth (b) Predicted surface HOTT growth

(c) Empirical structure HOTT growth (d) Predicted structure HOTT growth
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Fig. 3. Plots of empirical (a, c) and predicted (b, d)
trajectories from quadratic model (after ex-
ponentiating log transformations) for surface (a, b)
and structure (c, d) HOTT. Thick black lines in left
(empirical) graphs represent mean usage (see also
Fig. 2), and thick black lines in right (predicted)
graphs represent the average fitted growth trajec-
tories from the quadratic models.
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Table 4, columns 1 and 2; see also Appendix C for results reported for
each child age). These results indicate that HOTT utterances are, on
average, linguistically more complex than non-HOTT utterances, and
that structure HOTT utterances are, on average, linguistically more
complex than surface HOTT utterances. Thus, describing relationships
in the world using HOTT is associated with using more complex lan-
guage, and patterns are stronger when describing more conceptually
complex relationships as in structure HOTT.

Given the strong association between HOTT and complex language,
a potential concern is that the development of complex language is all
we are measuring. To address this concern, we investigated the pro-
portion of HOTT utterances expressed using complex utterances, defined
as utterances containing two or more verbs (see Table 4, column 3; see
also Appendix C for results by child age). Here, too, we find that a
greater proportion of structure HOTT utterances contain two or more
verbs than surface HOTT utterances, which, in turn, contain a greater
proportion of two or more verbs than non-HOTT utterances. It is im-
portant to note that even for structure HOTT, two-thirds of utterances
are non-complex (i.e., they contain one or even no verbs), which means
that it is both possible, and relatively common, for children to produce
HOTT using non-complex utterances. These findings suggest that HOTT

does not reduce to being just another measure of language complexity,
and that HOTT can be produced without complex language.

3.3.2. Onset of complex utterances relative to onset of HOTT
Next, we investigated whether the onset of HOTT preceded the

onset of complex utterances. We coded children's age of onset of com-
plex utterances (using the same criterion described earlier for HOTT
onset, i.e., use of complex utterances in two consecutive sessions). On
average, children began using complex utterances at 25.4 months
(SD = 5.32 months, range 14 to 42 months), which was significantly
earlier than the onset of surface HOTT (27.7 months; t(62) = 2.47, p =
0.016). On average, 2.2 months elapsed between children's complex
utterance onset and their surface HOTT onset (SD = 7.1, range −16 to
16). On an individual level, 30 children (48%) had complex utterance
onset before using surface HOTT; 19 (30%) had their complex utterance
and surface HOTT onsets during the same session; only 14 (22%) had
their complex utterance onset after the onset of surface HOTT. One
child who dropped out of the study at 26 months had no surface HOTT
onset, but he did have a measurable complex utterance onset at
22 months.

Table 2
A series of hierarchical linear models predicting child surface HOTT over de-
velopment. We report fixed effects with robust standard errors. CWT14 = Child
Word Types at 14 months.

Model 1
(unconditional)

Model 2
(adding
family
income)

Model 3
(adding child
word types
at
14 months)

Model 4
(adding
first-born
status)

Fixed effects

Intercept 1.77⁎⁎⁎

(0.11)
1.77⁎⁎⁎

(0.10)
1.77⁎⁎⁎

(0.094)
1.77⁎⁎⁎

(0.090)
Growth (age) 0.12⁎⁎⁎

(0.0081)
0.12⁎⁎⁎

(0.0081)
0.12⁎⁎⁎

(0.0073)
0.12⁎⁎⁎

(0.0074)
Acceleration (age2) −0.0042⁎⁎⁎

(0.00036)
−0.0042⁎⁎⁎

(0.00036)
−0.0042⁎⁎⁎

(0.0034)
−0.0042⁎⁎⁎

(0.00035)
Income 0.013⁎⁎⁎

(0.0036)
0.013⁎⁎⁎

(0.00034)
0.013⁎⁎⁎

(0.0032)
Income × age −0.00027

(0.00023)
−0.00025
(0.00021)

−0.00025
(0.00021)

Income × age2 −0.000008
(0.000011)

−0.000009
(0.000011)

−0.000009
(0.00011)

CWT14 0.018⁎⁎⁎

(0.00054)
0.016⁎⁎

(0.0050)
CWT14 × age −0.00017⁎⁎⁎

(0.00048)
−0.0017⁎⁎

(0.00051)
CWT14 × age2 0.000051⁎

(0.000020)
0.000053⁎

(0.000021)
First-born 0.42⁎

(0.18)
First-born × age 0.0010

(0.016)
First-born × age2 −0.00038

(0.00074)

Random effects at level 2

Intercept 0.86⁎⁎⁎

(0.74)
0.76⁎⁎⁎

(0.57)
0.71⁎⁎⁎

(0.50)
0.68⁎⁎⁎

(0.46)
Growth (age) 0.060⁎⁎⁎

(0.0036)
0.060⁎⁎⁎

(0.0035)
0.052⁎⁎⁎

(0.0027)
0.052⁎⁎⁎

(0.0027)
Acceleration (age2) 0.0026⁎⁎⁎

(0.00001)
0.0026⁎⁎⁎

(0.00001)
0.0024⁎⁎⁎

(0.00001)
0.0024⁎⁎⁎

(0.00001)
Goodness of fit 13,718.20

(9)
13,701.94
(12)

13,684.96
(15)

13,677.34
(18)

⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.

Table 3
A series of hierarchical linear models predicting child structure HOTT over
development. We report fixed effects with robust standard errors.
CGT14 = Child Gesture Types at 14 months.

Model 1
(unconditional)

Model 2
(adding
family
income)

Model 3
(adding
child
gesture
types at
14 months)

Model 4
(adding
first-born
status)

Fixed effects

Intercept −0.11⁎

(0.16)
−0.10
(0.18)

−0.098
(0.14)

−0.089
(0.13)

Growth (age) 0.15⁎⁎⁎

(0.0088)
0.15⁎⁎⁎

(0.0098)
0.15⁎⁎⁎

(0.010)
0.15⁎⁎⁎

(0.0094)
Acceleration (age2) −0.0036⁎⁎⁎

(0.00044)
−0.0037⁎⁎⁎

(0.00046)
−0.0037⁎⁎⁎

(0.00049)
−0.0037⁎⁎⁎

(0.00047)
Income 0.018⁎⁎⁎

(0.0052)
0.016⁎⁎

(0.0048)
0.017⁎⁎⁎

(0.0044)
Income × age −0.00023

(0.00031)
−0.00019
(0.00032)

−0.00019
(0.00031)

Income × age2 −0.000014
(0.000016)

−0.000013
(0.000016)

−0.000014
(0.000016)

CGT14 0.036⁎⁎⁎

(0.011)
0.032⁎⁎

(0.010)
CGT14 × age −0.00068

(0.00070)
−0.00065
(0.00072)

CGT14 × age2 −0.000005
(0.000037)

−0.000001
(0.000038)

First-born 0.71⁎⁎

(0.025)
First-born × age −0.0053

(0.017)
First-born × age2 −0.0006

(0.0009)

Random affects at level 2

Intercept 1.23⁎⁎⁎

(1.50)
1.08⁎⁎⁎

(1.18)
0.97⁎⁎⁎

(0.95)
0.90⁎⁎⁎

(0.81)
Growth (age) 0.047⁎⁎⁎

(0.0022)
0.047⁎⁎⁎

(0.0023)
0.047⁎⁎⁎

(0.0022)
0.047⁎⁎⁎

(0.0022)
Acceleration (age2) 0.0026⁎⁎⁎

(0.00001)
0.0026⁎⁎⁎

(0.00001)
0.0026⁎⁎⁎

(0.00001)
0.0026⁎⁎⁎

(0.00001)
Goodness of fit 6091.94

(9)
6078.11
(12)

6065.04
(15)

6056.84
(18)

⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.
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Onset of complex utterances (25.4 months) was also earlier than
onset of structure HOTT (34.7 months; t(53) = 9.12, p<0.001). On
average, 9.4 months elapsed between children's complex utterance
onset and their onset of structure HOTT (SD = 7.6, range − 8 to 24).
Among the 54 children with a measurable structure HOTT onset, 47
children (87%) had complex utterance onset before structure HOTT
onset; 3 children (6%) had complex utterance onset during the same
session in which they had structure HOTT onset; and only 4 children
(8%) had complex utterance onset after their structure HOTT onset.
Taken together, these findings suggest that the onset of HOTT does not
reduce to the onset of complex language. The onset of HOTT,

particularly structure HOTT, requires additional cognitive and/or lan-
guage skills above and beyond the ability to construct a complex ut-
terance.

3.3.3. Trajectories of complex utterances relative to trajectories of HOTT
We next analyzed the developmental trajectories of complex utter-

ances, and compared them to the developmental trajectories of surface
and structure HOTT. First, we determined the child-specific factors that
relate to development of complex utterances, using the same procedure
described in Section 3.2.2. We found that child word types at 14 months
predicts the intercept and growth of complex utterances
(βintercept = 0.018, SEintercept = 0.007; βgrowth = −0.0008,
SEgrowth = 0.003), and family income predicts the intercept
(βintercept = 0.008, SEintercept = 0.0003); no other child-specific factors
predicted the complex utterance trajectories nor improved model fit (all
p's > 0.50).

Next, we extracted empirical Bayes estimates (Raudenbush & Bryk,
2002; Rowe, Raudenbush, & Goldin-Meadow, 2012) for each individual
child's intercept, growth, and acceleration of the three types of speech:
complex utterances, surface HOTT (derived from Model 4 in Table 2)
and structure HOTT (derived from Model 4 in Table 3). We performed
Pearson's correlations among the trajectory parameters, which are re-
ported in Table 5. This table demonstrates that the trajectories for
complex utterances positively correlate with the trajectories for both
surface and structure HOTT. Children who use more, and grow more
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Fig. 4. Model graphs (after exponentiating log transformations) of (a) surface HOTT and (b) structure HOTT over the early period, as a function of family income and
14-month child word types for surface HOTT, and family income and14-month child gesture types for structure HOTT.

Table 4
Mean length of utterance, mean number of verbs per utterance, and proportion
complex utterances for non-HOTT, surface HOTT, and structure HOTT utter-
ances produced over 14–58 months.

Mean length of
utterance (SD)
[range]

Mean number
of verbs (SD)
[range]

Proportion of utterances
that are complex
(contain 2+ verbs)

Non-HOTT 2.84 (2.32)
[1–47]

0.48 (0.60)
[0−10]

4.5%

Surface HOTT 5.32 (4.08)
[1–50]

0.85 (0.84)
[0–7]

18.9%

Structure
HOTT

7.35 (5.07)
[1–60]

1.23 (0.95)
[0–9]

33.0%

Table 5
Correlations among empirical Bayes estimates for complex utterances, surface HOTT, and structure HOTT trajectory parameters. Italicized cells highlight correlations
among parameters within the same type of speech (e.g., complex utterances). Bolded cells highlight correlations between the same parameter (e.g., intercept) among
different types of speech.

1. 2. 3. 4. 5. 6. 7. 8. 9.

Complex utterances 1. Intercept 1.0
2. Growth −0.49⁎⁎⁎ 1.0
3. Acceleration −0.27⁎ −0.49⁎⁎⁎ 1.0

Surface HOTT 4. Intercept 0.71⁎⁎⁎ −0.20 −0.17 1.0
5. Growth −0.31⁎ 0.48⁎⁎⁎ −0.19 −0.40⁎⁎ 1.0
6. Acceleration −0.11 −0.30⁎ 0.43⁎⁎⁎ −0.20 −0.74⁎⁎⁎ 1.0

Structure HOTT 7. Intercept 0.69⁎⁎⁎ −0.25⁎ −0.23^ 0.78⁎⁎⁎ 0.28⁎ −0.18 1.0
8. Growth −0.30⁎ 0.64⁎⁎⁎ −0.36⁎⁎ −0.23^ 0.62⁎⁎⁎ −0.44⁎⁎⁎ −0.223^ 1.0
9. Acceleration −0.23^ −0.46⁎⁎⁎ 0.77⁎⁎⁎ −0.28⁎ −0.33⁎⁎ 0.58⁎⁎⁎ −0.46⁎⁎⁎ −0.61⁎⁎⁎ 1.0

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.
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quickly in their use of, complex utterances also tend to use more, and
grow more quickly in their use of, surface and structure HOTT. These
findings underscore the tight relation between language form (complex
utterances with two or more verbs) and language content (HOTT).
These findings also set the stage for our analyses in Section 3.4.2, where
we investigate whether children's early complex utterance trajectories
predict grade-school higher-order thinking outcomes as well as the
early HOTT trajectories.

3.4. Does HOTT during 14–58 months predict higher-order thinking in
grade school?

In this section, we examine the relation between early spontaneous
HOTT and later higher-order thinking outcomes, as assessed by stan-
dardized measures of text-based inferencing ability at age 9 (DARC and
GM), and non-verbal (Ravens) and verbal (WJ-VA) analogical reasoning
ability at age 11. We first report correlations among standardized
higher-order thinking outcomes (1–4), early child language covariates

(5–6), and parent characteristics (7–10) (see Table 6). After finding that
parent education and income (9–10) correlated strongly with many of
these measures, we also performed partial correlations among the re-
maining measures (1–8) controlling for parent income and education
(reported in the lower left of Table 6).

This table shows that the four standardized higher-order thinking
outcomes (1–4) are all related, suggesting we are tapping a unified skill
area. Children's word and gesture types at 14 months both relate to the
verbal higher-order thinking outcomes (1–3), but not to the nonverbal
outcome (i.e., Ravens, 4). Turning to parent and family characteristics
(7–10), we see that family income, parent education, and parent IQ
correlate with the higher-order thinking outcomes. However, even after
controlling for family income and parent education (see lower left
portion of Table 6), the higher-order thinking outcomes are still gen-
erally related to each other, and early word types and gesture types still
significantly relate to the higher-order thinking outcomes.

3.4.1. Using HOTT onset to predict higher-order thinking outcomes in grade
school

Next, we explored whether the onset of surface HOTT, structure
HOTT, or complex utterances relates to later higher-order thinking as-
sessed in grade school at ages 9 and 11. Table 7 presents the findings,
revealing that HOTT onset was a significant predictor of standardized
higher-order thinking outcomes, with some variation due to the role of
language contributions. Higher performance on the DARC is associated
with earlier onset of surface and structure HOTT, as well as complex
utterances. The GM is only associated with earlier surface and structure
HOTT, and is not predicted by earlier onset of complex utterances. The
non-verbal analogical reasoning test, the Ravens, is associated only
with earlier surface HOTT onset, while the WJ-VA is weakly associated
with an earlier surface HOTT onset, but is most strongly predicted by
the complex utterance onset. Together, these findings provide the first
set of data showing that early HOTT is related to later standardized
higher order thinking outcomes, particularly for outcomes that have
greater reliance on language skills.

Table 6
Pearson's correlations among outcomes and child-specific factors. Cells on lower left report partial correlations controlling for parent income and education.
DARC = Diagnostic Assessment of Reading Criteria. GM = Gates-MacGinitie. WJ-VA = Woodcock-Johnson Verbal Analogies. Ravens = Ravens Progressive
Matrices. WASI-P = Wechsler Adult Intelligence Scale, Perceptual. WASI-V = Wechsler Adult Intelligence Scale, Verbal. Significant values (p<0.05) are bolded.

1. 2. 3. 4. 5. 6. 7. 8. 9. 10.

1. DARC, age 9 1.00 0.43⁎⁎

n = 53
0.37⁎⁎

n = 49
0.29⁎

n = 49
0.19
n = 53

0.35⁎

n = 53
0.14
n = 50

0.18
n = 50

0.30⁎

n = 53
0.34⁎

n = 53
2. GM, age 9 0.31⁎

df = 49
1.00 0.57⁎⁎⁎

n = 50
0.63⁎⁎⁎

n = 49
0.27⁎

n = 54
0.42⁎⁎

n = 54
0.39⁎⁎

n = 50
0.38⁎⁎

n = 50
0.44⁎⁎

n = 54
0.39⁎⁎

n = 54
3. WJ-VA, age 11 0.24

df = 45
0.46⁎⁎⁎

df = 46
1.00 0.64⁎⁎⁎

n = 49
0.27^

n = 50
0.40⁎⁎

n = 50
0.32⁎

n = 49
0.34⁎

n = 49
0.36⁎

n = 50
0.42⁎⁎

n = 50
4. Ravens, age 11 0.17

df = 45
0.55⁎⁎⁎

df = 45
0.57⁎⁎⁎

df = 45
1.00 0.09

n = 49
0.28^

n = 49
0.45⁎⁎

n = 48
0.34⁎

n = 48
0.32⁎

n = 49
0.33⁎

n = 49
5. Word types, 14 mos 0.19

df = 49
0.29⁎

df = 50
0.28^

df = 46
0.09
df = 45

1.00 0.58⁎⁎⁎

n = 64
−0.04
n = 50

−0.08
n = 50

0.04
n = 64

0.03
n = 64

6. Gesture types, 14 mos 0.27^

df = 49
0.36⁎⁎

df = 50
0.32⁎

df = 46
0.20
df = 45

0.50⁎⁎⁎

df = 60
1.00 0.27⁎

n = 50
0.14
n = 50

0.17
n = 64

0.31⁎

n = 64
7. Mother WASI-P 0.01

df = 46
0.30⁎

df = 46
0.21
df = 45

0.38⁎

df = 44
−0.05
df = 46

0.18
df = 46

1.00 0.55⁎⁎⁎

n = 50
0.20
n = 50

0.35⁎

n = 50
8. Mother WASI-V −0.01

df = 46
0.22
df = 46

0.15
df = 45

0.20
df = 44

−0.11
df = 46

−0.02
df = 46

0.46⁎⁎

df = 46
1.00 0.30⁎

n = 50
0.53⁎⁎⁎

n = 50
9. Family Income – – – – – – – – 1.00 0.49⁎⁎⁎

n = 64
10. Parent Education – – – – – – – – – 1.00

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.

Table 7
Pearson's correlations between grade-school higher-order thinking outcomes
and children's age of onset of surface and structure HOTT.

Complex utterance
onset

Surface HOTT
onset

Structure HOTT
onset

DARC, age 9 −0.28⁎

n = 53
−0.30⁎

n = 53
−0.34⁎

n = 48
GM, age 9 −0.19

n = 54
−0.39⁎⁎

n = 54
−0.44⁎⁎

n = 49
Ravens, age 11 −0.14

n = 49
−0.34⁎

n = 49
−0.21
n = 44

WJ-VA, age 11 −0.37⁎⁎

n = 50
−0.25^

n = 50
−0.029
n = 45

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
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3.4.2. Using HOTT trajectories to predict higher-order thinking outcomes in
grade school

We next evaluated whether children's trajectories of surface and/or
structure HOTT use across development predict later standardized
higher-order thinking outcomes at ages 9 and 11. We used empirical
Bayes estimates (as described in Section 4.3.3), derived from Model 4 in
Table 2 (including family income, child word types at 14 months, and
child first-born status to predict surface HOTT) and Model 4 in Table 3
(including family income, child gesture types at 14 months, and child
first-born status to predict structure HOTT) to estimate each child's
individual intercept (i.e., status), growth, and acceleration of surface
and structure HOTT. These trajectory parameters were then used to
predict the grade school higher-order thinking outcomes in a series of
simple linear regressions.

We follow the procedure outlined in Rowe et al. (2012), and fit
several models containing one or two of the trajectory parameter esti-
mates at a time. Our aim is to determine which aspects, if any, of
children's trajectories of surface and/or structure HOTT use relate to the
grade school higher-order thinking outcomes. We did not fit a model
including all three parameters because of the collinearity between the
intercept, growth, and acceleration (Rowe et al., 2012; see also

Table 5). In all models, we include the controls used to derive the
original parameters: for surface HOTT, family income, child word types
at 14 months, and child first-born status; and for structure HOTT, fa-
mily income, child gesture types at 14 months, and child first-born
status. In Table 8, we report results for each of the four outcomes in
columns (a) for surface HOTT and (b) for structure HOTT, for (1) the
control-only model and (2) the ‘best’ model using the HOTT growth
trajectory parameters (see Appendix D for additional models that were
run).

These models show that the controls associated with surface HOTT
(family income, child word types at 14 months, and child first-born
status) on their own explain 14–27% of the variation in children's grade
school higher-order thinking outcomes. The controls associated with
structure HOTT (family income, child gesture types at 14 months, first-
born status) offer slightly more explanatory power, and explain 18–33%
of the variation in children's grade school higher-order thinking out-
comes.

For the DARC, the surface HOTT trajectory parameters explain no
additional variation in children's performance, as the model reported in
the table illustrates. However, including the structure HOTT trajectory
parameters accounts for up to an additional 7.8% of variation, although

Table 8
A series of regression models using (a) surface and (b) structure HOTT parameters (and controls) to predict grade school higher-order thinking as assessed by
standardized measures. All coefficients are standardized. Bolded numbers highlight best overall model for each outcome. DARC = Diagnostic Assessment of Reading
Criteria. GM = Gates-MacGinitie. WJ-VA = Woodcock-Johnson Verbal Analogies. Ravens = Ravens Progressive Matrices. CWT14 = Child Word Types at
14 months. CGT14 = Child Gesture Types at 14 months.

(a) Surface HOTT (b) Structure HOTT

(1) Controls only (2) Best controls + trajectory parameters (1) Controls only (2) Best controls + trajectory parameters

DARC, age 9 Income 0.298⁎ 0.301⁎ Family income 0.261⁎ 0.136
CWT14 0.169 0.161 CGT14 0.292⁎ 0.160
First-born 0.151 0.155 First-born 0.125 0.016
Intercept Intercept 0.403⁎

Growth Growth
Acceleration 0.030 Acceleration 0.209
R2 0.148⁎ 0.149^ R2 0.201⁎ 0.279⁎⁎

ΔR2 0.001 ΔR2 0.078^

GM, age 9 Income 0.438⁎⁎ 0.322⁎ Family income 0.392⁎⁎ 0.199
CWT14 0.266⁎ 0.227 CGT14 0.375⁎⁎ 0.213^

First-born 0.018 −0.005 First-born −0.005 −0.157
Intercept Intercept 0.507⁎⁎

Growth −0.378^ Growth
Acceleration −0.417⁎ Acceleration 0.064
R2 0.265⁎⁎ 0.332⁎⁎ R2 0.330⁎⁎⁎ 0.459⁎⁎⁎

ΔR2 0.067 ΔR2 0.129⁎⁎

Ravens, age 11 Income 0.315⁎ 0.174 Family income 0.298⁎ 0.226
CWT14 0.060 −0.061 CGT14 0.226 0.169
First-born 0.157 0.151 First-born 0.123 0.052
Intercept Intercept 0.197
Growth −0.545⁎ Growth
Acceleration −0.378^ Acceleration
R2 0.136^ 0.233⁎ R2 0.181⁎ 0.204⁎

ΔR2 0.097^ ΔR2 0.023
WJ-VA, age 11 Income 0.366⁎⁎ 0.289^ Family income 0.331⁎ 0.227^

CWT14 0.284⁎ 0.327⁎ CGT14 0.391⁎⁎ 0.325⁎

First-born −0.068 −0.140 First-born −0.082 −0.184
Intercept 0.265 Intercept 0.359⁎

Growth 0.234 Growth 0.277⁎

Acceleration Acceleration
R2 0.207⁎ 0.265⁎ R2 0.276⁎⁎ 0.397⁎⁎⁎

ΔR2 0.058 ΔR2 0.122⁎

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.
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only in the model containing the intercept and acceleration were any
parameters—in this case, the intercept—statistically significant (p =
0.033). We highlight this model as the ‘best’ overall model for the
DARC, which represents a marginal improvement (p = 0.088) over the
control-only model.

For the GM, the pattern of results for surface HOTT and structure
HOTT were largely parallel; the best models contained the intercept
(either alone, or with growth or acceleration) or both the growth and
acceleration. However, the surface HOTT trajectory parameters only
explain up to 6.7% additional variation between children beyond the
controls (as when including the growth and acceleration), whereas the
structure HOTT parameters explained up to 12.9% additional variation
beyond the controls (as when including the intercept and acceleration).
This latter model, which we highlight as the ‘best’ overall model for the
GM, represents a significant improvement (p= 0.006) over the control-
only model.

Interestingly, for the Ravens, the ‘best’ model contains the surface,
and not the structure, HOTT trajectory parameters. Including the
structure HOTT trajectory parameters only explained up to an addi-
tional 2.3% of variation beyond the controls; including the surface
HOTT growth (p = 0.024) and acceleration (p = 0.087) explains an
additional 9.7% of variation between children above and beyond the
controls (which represents a marginal improvement over the control-
only model, p = 0.077). Trajectories of HOTT that involve less verbal
complexity, i.e., surface HOTT, may play a more central role for non-
verbal measures of analogical reasoning such as the Ravens.

Finally, for the WJ-VA, the structure HOTT parameters explained up
to 12.2% additional variation above and beyond the controls, with each
individual parameter offering some explanatory power in different
models; the ‘best’ model, as reported in the table, contains both the
intercept (p = 0.026) and growth (p = 0.028) of structure HOTT, and
offered significantly more explanatory power (p = 0.018) beyond the
control-only model. The surface HOTT trajectory parameters, in con-
trast, only explained up to 5.8% additional variation beyond the con-
trols (as when including the intercept and growth), with no significant
effects of the surface HOTT trajectory parameters and no improvement
to model fit (p = 0.185).

These results suggest that the rate at which children use, grow, and
change in their use of HOTT, particularly structure HOTT, between 14
and 58 months is associated with both text-based inferencing and
analogy performance up to five years later. Early structure HOTT
during the preschool years is particularly important in predicting lan-
guage-based measures of higher-order thinking in grade school; early
surface HOTT during these years is better at predicting non-verbal
analogical reasoning, at least as it was measured by the Ravens.

3.4.3. Using complex utterance trajectories to predict higher-order thinking
outcomes in grade school

Given the tight relation between the use of complex utterances and
HOTT, we tested whether the complex utterance trajectory parameters
(using empirical Bayes estimates extracted from the model for complex
utterance trajectories, described in Section 4.3.3) explain additional
variation in later higher-order thinking above and beyond the variation
accounted for by child-specific factors (family income and child word
types at 14 months), using the same procedure outlined above.

The analyses demonstrate that, despite the strong correlations ob-
served between the complex utterance and HOTT trajectory para-
meters, the complex utterance trajectory parameters do not explain
additional variation in later higher-order thinking above and beyond
the variation accounted for by the child-specific factors. Furthermore,
no complex utterance parameters were significant. For example, the
controls—family income (βstandardized = 0.297, p = 0.029) and child

word types at 14 months (βstandardized = 0.193, p = 0.151)—explained
12.5% of variation between children's DARC scores (F(50,2) = 3.59, p
= 0.035). Including the complex utterance growth and acceleration,
although producing a significant model (F(48,2) = 2.57, p = 0.050)
and explaining an additional 5.1% of DARC-score variation beyond the
controls, did not significantly improve model fit (p = 0.24).
Furthermore, none of the complex utterance trajectory parameters were
significant (all p's > 0.27); in this model, only family income remained
significant (βstandardized = 0.332, p = 0.016).

The model just described represents the largest relative improve-
ment over the control-only models when including the complex utter-
ance trajectory parameters; the findings from the other models are re-
ported in Appendix D. Ultimately, this suggests, that although the
ability to produce complex utterances may facilitate children's expres-
sion of HOTT, it is not the linguistic form itself that predicts later
higher-order thinking outcomes, it is the higher-order content expressed
in that form.

4. General discussion

4.1. Mechanisms underlying the onset and trajectory of HOTT

Our study is the first to describe how children use higher-order
thinking in spontaneous talk at home during the preschool years. We
found that HOTT emerged as a regular feature in children's speech at
around 23–27 months, first as surface HOTT in which relations between
representations are immediate and easily perceptible. The onset of
structure HOTT, in which the relations between representations are
more abstract and less easy to perceive, emerged significantly later, at
around 30–34 months. At every age, surface HOTT was more common
than structure HOTT, suggesting that identifying and expressing deeper
relations between representations is challenging for children during this
period.

We also found that children vary in the age at which they first
produce HOTT, as well as in the trajectories they follow during the
14–58 month period. As in other aspects of language, family income
was related to both the onset of HOTT and its intercept; children from
higher-income families began using HOTT earlier and used more HOTT
at 36 months, but did not differ from their lower-income peers in HOTT
growth and acceleration. In addition to income, child status as the first-
born or only child was a significant predictor of the HOTT intercept.
Although these data do not pinpoint the mechanism through which
first-born and only children use more HOTT at 36 months, the findings
are compatible with the hypothesis that first-born and only children are
exposed to more adult conversation—and those conversations may be
better fit to their level of understanding—than those later-born children
experience. There was no effect of other family traits—parental edu-
cation, verbal IQ, or perceptual IQ—on child HOTT development, nor
did boys and girls differ in HOTT onset or trajectories across develop-
ment.

Child word types produced at 14 months correlated with surface
HOTT onset and predicted surface HOTT intercept, growth, and accel-
eration, and child gesture types at 14 months predicted structure HOTT
intercept. These findings highlight the importance of early language
and gesture use in the development of higher-level cognitive skills,
suggesting a larger repertoire of early vocabulary and gesture may
support children's burgeoning higher-order thinking skills.

Moreover, structure HOTT utterances, and to a lesser extent surface
HOTT utterances, were longer and syntactically more complex (i.e.,
they contained more verbs) than non-HOTT utterances. Thus, HOTT is
associated with using more complex language. This may be because
using longer utterances makes it easier to index two representations and
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the link or bridge between them, and also because utterances with
multiple verbs allow for multiple propositions to appear within the
same utterance, and consequently are an ideal vehicle for HOTT. At the
same time, the majority of children's surface and structure HOTT
utterances were expressed using one or even no verbs, providing evi-
dence that, although using complex language may provide speakers
with strategies for describing relations between representations in the
world, it is not necessary for complex reasoning to occur.

Furthermore, the onset of complex utterances preceded by several
months the onset of both surface and structure HOTT. The ability to
produce complex utterances may foster a deeper understanding be-
tween ideas in talk, but this ability clearly is not sufficient for the onset
and use of HOTT, suggesting that other factors above and beyond lin-
guistic skills (such as executive functions, e.g., Richland & Burchinal,
2013; Simms et al., 2018) are involved.

4.2. The function of early HOTT with respect to later higher-order thinking

Our early measures of HOTT predicted children's performance on
later outcome measures of higher-order thinking as assessed by stan-
dardized measures, above and beyond the variation explained by child-
specific factors. This finding underscores the relevance of these pre-
school talk measures, particularly structure HOTT, for later higher-
order reasoning outcomes. HOTT onset was correlated with the four
grade school higher-order thinking outcomes, and the trajectories of
structure HOTT in the early period predicted the verbal-based higher-
order thinking tasks at ages 9 and 11. This finding suggests that it is not
just the amount of HOTT produced when children are young, but also
how they change across development in their ability to produce HOTT,
that may affect their future school success.

Finally, our findings suggest that HOTT development is related to,
but not redundant with, complex language proficiency. That is, al-
though the trajectories of surface and structure HOTT over the
14–58 month period strongly correlate with the trajectories of complex
utterances, it was the trajectories of structure HOTT (and to a lesser
extent surface HOTT), not the trajectories of complex utterances, that
predicted performance on standardized measures of higher-order
thinking taken in grade school. Thus, although complex linguistic skills
may support higher-order thinking talk across the preschool years, it
appears that the content of that talk, not its form, is what paves the way
for higher-order thinking in grade school.

4.3. Study limitations

This study has several limitations. Given that this is the first analysis
of naturally-occurring and spontaneous higher-order thinking in the
talk of young pre-school aged children, the results are intended to be
exploratory rather than confirmatory. We set out to describe the de-
velopment of higher-order thinking and generate hypotheses about
developmental relations between higher-order thinking and language
development. Thus, the statistical associations described in this paper
should be taken as suggestive rather than definitive, particularly given
the correlational nature of the data.

Another limitation is that it is not clear whether these findings will
generalize to other populations. All of the participants were typically-
developing monolingual English speakers; it is therefore not clear
whether the same patterns will be found in other populations of chil-
dren, such as bilingual children or children with specific language im-
pairments.

Finally, the observational nature of this study is based on the as-
sumption that the sample of children's experiences captured on the
videotapes is representative of the children's cumulative experiences.

Although we told the families to do what they would typically do
during the time of day of our visits, the presence of the experimenter
might have led the families to behave in ways that are not typical.
Moreover, the 90-minute taping sessions might have constrained the
types of talk that children and their parents produce. Nevertheless, most
studies of video data find that videotaped subjects are unable to
maintain unusual patterns of behavior for extended periods of time
(Jewitt, 2012), and we conducted these 90-minute sessions three times
per year for four years, so the tapes are likely to have captured a range
of typical experiences within each home context. Regardless, this lim-
itation is important to consider, particularly when interpreting the
onset results.

4.4. Theoretical and practical implications

In spite of these limitations, our study has theoretical and practical
implications. This paper increases our theoretical grasp of the relation
between language form (complex utterances) and content (higher-order
thinking talk). Our findings suggest that complex language—lengthier
utterances and more complex syntax—is neither necessary nor suffi-
cient for higher-order thinking talk to occur. Although complex lan-
guage provides tools and strategies that support children's relational
representation and reasoning skills, it is not redundant with these skills.
The ability to identify and articulate relational representations in the
world calls upon additional cognitive skills (e.g., executive functions,
content knowledge) beyond complex linguistic skills.

The current research also enhances our understanding of the origins
of abstract higher-order and relational reasoning. While the majority of
analyses on children's early language environments focus on individual
differences in language abilities and the implications of these differ-
ences for later outcomes, our findings explore individual differences in
thinking, as expressed through early language, and show that these
differences are related to later higher-order thinking skills. Children
who regularly engage in the deeper, relational thinking represented by
higher-order thinking talk may be at the cutting edge of the develop-
ment of a ‘relational mindset’ (Simms & Richland, 2019; Vendetti, Wu,
& Holyoak, 2014), and more attuned to identifying abstract relations in
the world.

Our findings also have practical implications, particularly with re-
gard to the finding of relations between early spontaneous HOTT and
later inferencing and analogy outcomes in grade school. These corre-
lational findings can guide researchers in developing and testing in-
terventions that support children's early higher-order thinking talk at
home and in school, to test the causal relation between early HOTT and
later higher-order thinking. Developing interventions that can effec-
tively support the development of higher-order thinking is of vital
concern given the importance of higher-order thinking to academic
success, particularly in the 21st century.

Moreover, the income-related disparities observed with HOTT onset
and use suggests intervening on HOTT during the early years may help
close income-related achievement gaps. Interventions with low-SES
families have been successful in increasing the quantity and quality of
the language that families use (Engle et al., 2011; Marulis & Neuman,
2010; Roberts & Kaiser, 2011). Our findings highlight the importance of
focusing not only on the form of the language that parents use, but also
on its content. In fact, interventions have successfully heightened par-
ents' use of decontextualized talk (Leech, Wei, Harring, & Rowe, 2018),
where parents are encouraged to discuss ideas and events removed from
the present environment. It may be the case that interventions targeting
families' use of HOTT could enhance children's early reasoning and
thinking skills, potentially affecting their later success in school.
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4.5. Future research

This paper presents the first look at child HOTT in spontaneous
conversations at home prior to school entry. Our next step will be to
examine the linguistic models for HOTT that parents provide to their
children. The children in our study were scaffolded and supported by
questions, prompts, and statements from their parents (e.g., Crowley
et al., 2001). We plan to examine how parents use HOTT in spontaneous
speech with their children, and whether parent linguistic input, in-
cluding parent use of HOTT, is associated with children's early HOTT
and later higher order thinking. If so, we plan to examine the timing of
input—whether early parent HOTT input is more important for later
child higher-order thinking abilities than later input; whether later
input is more important than early input; or whether there are cumu-
lative effects of parent HOTT input.

In addition, there may be certain contexts in which children and
their parents are particularly likely to invoke HOTT. For example,
personal narrative, talk in which individuals recount stories of personal
experience about past or future events (e.g., Demir et al., 2015; Rowe,
2012), may serve as a rich ‘breeding ground’ for HOTT, particularly
inferences and comparisons. Personal narrative talk is structured in
story-like forms, and theoretically defined ‘good’ narratives require
storytellers to coherently link story elements in a cause-and-effect fra-
mework (Stein & Albro, 1997); essentially, to make inferences. Ad-
ditionally, parents in informal conversational contexts have been shown
to enhance their children's overall comprehension of novel scientific
concepts by using analogy or comparisons to link their children's past
experiences to the concepts they are discussing (Valle & Callanan,
2006). Personal narrative talk may encourage the use of higher-order
thinking. Future research will examine whether certain types of HOTT
are more likely to be invoked in particular speech contexts such as
personal narrative.

Finally, the broader study of language development from which this
study's typically-developing (TD) participants come has a parallel
sample of children with early brain injuries (BI), who were also ob-
served in spontaneous interactions with their parents from 14- to 58-
months. Other work (e.g. Rowe et al., 2009; Demir et al., 2015;
Özçalışkan et al., 2013) has examined differences and similarities be-
tween the BI and TD children in terms of spontaneous language and
gesture use and relations to later outcomes. For example, Rowe et al.
(2009) found that the linguistic input children received from their
parents played the same role in BI and TD children with respect to
vocabulary development, but played a different, and more central, role
for BI than TD children with respect to syntactic development. Future
work will examine whether TD and BI children differ in their use of
HOTT over development, and whether the relations between early
HOTT and later higher-order thinking for BI children are similar to, or
different from, the relations reported here for TD children.

4.6. Conclusion

In sum, we have demonstrated that spontaneously-produced higher-
order thinking in children's early talk grows over development from 14

to 58 months, and that it becomes increasingly more conceptually and
linguistically complex. Furthermore, early production of HOTT is as-
sociated with higher performance on standardized measures of higher-
order thinking in grade school. Our findings highlight how studies of
children's language development based on naturalistic data can explore
not only differences in language development and outcomes, but also
the nature and complexity of the thinking embedded in children's early
talk. Moreover, our findings suggest that intervening to support early
talk about and with relations may lead to increases in children's later
relational reasoning and higher-order thinking.
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Appendix A. Criteria used to distinguish between surface and structure HOTT for each of the four types of HOTT

1. Inference

Surface inferences discuss relationships that are more cut-and-dry, that are more easily perceived, that refer to physical sensations, or that are based on
knowledge of concurrent or immediate events (e.g., “You bumped it so it fell down”). Structure inferences describe relationships where the cause-and-
effect are separated in time; where the inference contains multiple, complex, or unstated links; where the speaker brings in outside knowledge; or where
the speaker uses theory of mind or evidence that is not immediately obvious (e.g., “This little girl is sad because she misses her mom”).

R.R. Frausel, et al. Cognition 200 (2020) 104274

16



2. Comparison

Surface comparisons concern basic parallels and differences, and easily perceivable features such as color (e.g., “Those are both red”), while
structure comparisons describe deeper underlying characteristics such as function or emotional states (e.g., “I want to be brave like Piglet”), or that
compare along multiple dimensions, such as size and shape.

3. Abstraction

Surface abstractions discuss simple associations, such as a letter with its sound, or an animal with the noise it makes (e.g., “Sheeps go ‘baaa’”), or
providing the English translation for a foreign word. Structure abstractions describe associations that are more complex, including describing
concepts or defining words (e.g., “Winking is looking with one eye”).

4. Hierarchy

Surface hierarchies were coded when people create their own categories that could apply in multiple situations (e.g., describing cars as different
‘kinds’ when differentiating them by features such as size or color), or when people are providing descriptions that happen to use hierarchical
language (e.g., “I'm going to make a kitty kind of puppet show”). Other utterances with hierarchies were coded as structure, as long as both the
superordinate and subordinate category were provided (e.g., “A tiger is a kind of animal”).

Appendix B. Frequency of HOTT types across development

This section describes describe development trends among the four types of HOTT. Fig. B.1 shows the mean number of utterances produced per
hour each of the four HOTT types across development. Inferences were by far the most commonly used type of higher-order reasoning, and
comparisons were used second most frequently. At the end of the study period at 58 months, children used an average of 13.6 inferences per hour
(SD = 8.5, range 2 to 47), and 4.4 comparisons per hour (SD = 3.5, range 0 to 16). Abstractions and hierarchies, in contrast, were used very rarely;
even at 58 months, children only used, on average, two or fewer abstractions per hour (M = 1.8, SD = 2.4, range 0 to 12), and one or fewer
hierarchies per hour (M = 0.60, SD = 0.87, range 0 to 3). However, all four types of HOTT became more common as children developed.
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Fig. B.1. Mean number of inferences, comparisons, abstractions, and hierarchies produced by children between 14 and 58 months per hour. Error bars represent± 2
standard errors.

In Fig. B.2, we report the proportion of each HOTT utterance type categorized as surface or structure for each child visit age. At 14-months, the
only HOTT type used was abstractions, of which an average of 87.5% of children's utterances were surface. By 18-months, children were using each
of the four HOTT types, although most utterances were surface (however, one hierarchy utterance produced by one child was structure-level). Across
development, the majority of inference and comparison HOTT utterances were surface, although as children grew, an increasingly greater proportion
were categorized as structure. At 58 months, 20% of inferences were structure, and 12% of comparisons were structure. In contrast, most ab-
stractions were structure;> 50% of abstraction utterances were structure-level starting around 34 months, and by 58 months, about 75% of ab-
straction utterances were structure. The proportion of hierarchy utterances categorized as surface or structure varied across development, likely due
to the small number of hierarchy utterances produced by children.
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Fig. B.2. Mean proportion of (a) inference, (b) comparison, (c) abstraction, and (d) hierarchy utterances categorized as surface (gray) or structure (black) for children
between 14 and 58 months. Error bars represent± 2 standard errors.

Appendix C. Complex language and HOTT across development

This section reports our analyses of the linguistic complexity of children's HOTT utterances over development. For each child at each session, we
calculated their mean length of utterance in words and mean number of verbs in their non-HOTT, surface HOTT, and structure HOTT utterances,
which we then averaged across each session. Fig. C.1 (mean length of utterance) and Fig. C.2 (verbs per utterance) report the mean child value at
each visit age.

Our findings suggest that children's HOTT utterances were indistinguishable from their non-HOTT utterances in terms of length for the first four
sessions (14–26 months) (see Fig. C.1). At 30- and 34-months, non-HOTT utterances were shorter than HOTT utterances, but there was no difference
between surface and structure HOTT. Beginning at 38-months, structure HOTT utterances were, on average, longer than surface HOTT utterances,
which in turn were longer than non-HOTT, with the gap between the three increasing over time. By session 12 (58 months), structure HOTT was on
average 7.97 words long (95% CI [7.2, 8.7]), while surface HOTT was on average 6.6 words long (95% CI [6.1, 7.1]), and non-HOTT was on average
3.5 words long (95% CI [3.36, 3.60]). Estimates for structure HOTT are less precise because there are fewer structure HOTT utterances.
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Fig. C.1. Mean utterance length in words for structure HOTT, surface HOTT, and non-HOTT speech over sessions. Error bars represent± 2 standard errors.

Turning to number of verbs per utterance, our measure of syntactic complexity, we see that HOTT utterances are not more syntactically complex
than non-HOTT utterances at and before 34 months (see Fig. C.2). However, from 38 months onwards, surface and structure HOTT utterances begin
to grow in complexity, with the gap between the three increasing over development. Structure HOTT utterances reach 1.38 verbs per utterance (95%
CI [1.24, 1.52]), on average, by 58 months, compared to an average of 1.08 verbs per utterance (95% CI [0.98, 1.17]) for surface HOTT utterances,
and 0.625 verbs per utterance (95% CI [0.60, 0.65]) for non-HOTT utterances. These results suggest that from the age of around 38 months and
onward, using HOTT is, on average, regularly associated with using more complex language, and that structure HOTT generally involves more
complex language than surface HOTT.
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Fig. C.2. Mean number of verbs per utterance for structure HOTT, surface HOTT, and non-HOTT speech over sessions. Error bars represent± 2 standard errors.

Next we report the mean proportion of utterances (non-HOTT, surface HOTT, and structure HOTT) that are complex, or that contain two or more
verbs. The results demonstrate that even though HOTT utterances are, on average, more complex than non-HOTT, the majority of HOTT utterances
are not complex (i.e., contain one or no verbs) (see Fig. C.3). This pattern holds for both surface HOTT (27.5% complex at 58 months; 95% CI [23.4,
31.7]) and structure HOTT (38.0% complex at 58 months; 95% CI [30.5, 45.6])). As expected, the percentage of complex forms in HOTT utterances
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is higher than the baseline rate for non-HOTT utterances (7.6% complex at 58 months; 95% CI [6.9, 8.4]). Nevertheless, across development, it is
both possible, and relatively common, to produce HOTT without producing complex language.
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Fig. C.3. Mean proportion of utterances that were complex utterances (defined as containing 2 or more verbs), by speech type (Structure HOTT, Surface HOTT, and
non-HOTT). Error bars represent± 2 standard errors.

We also examined by individuals the HOTT utterances produced at 54–58 months to assess the proportional complexity of HOTT utterances in
the most mature state that we examined. On average, 25.6% of surface HOTT utterances were complex (with a minimum of 0% and a maximum of
82.8%), while 38.4% of structure HOTT utterances were complex (with a minimum of 0% and a maximum of 100%).4 Even though the proportion of
complex utterances was higher than the baseline rate for non-HOTT utterances (7.5% on average, with a minimum of 1.1% and a maximum of
18.2%), the average child was still producing almost two-thirds of their structure HOTT utterances using one or no verbs.

Table C.1 shows examples, all drawn from session 12 (58 months), of each type and level of HOTT expressed using utterances that are complex or
non-complex.

Table C.1
Examples of HOTT of each type and level expressed in non-complex utterances (with 0 or 1 verbs, top two rows) and complex utterances (with 2 or more verbs,
bottom two rows). N/A = no examples found in corpus.

Inference Comparison Abstraction Hierarchy

Non-complex (0–1 verbs)
Surface Because.

Why do I have to?

Hotter than the sun?

It looks like a tree.

B for bear.

Little bees don't sting.

They can all have a piece
of hippo.

Structure Hey, I'm blind because of the bubbles
in my eye.

Why is God up in heaven with Jesus?

Sadder than ever before.

He looks like a hurricane crab.

And four triangles equals one square.

Every mom makes mistakes.

What kind of ice cream?

Killer whales are in the
dolphin family.

Complex (2+ verbs)
Surface I need to count again because I don't

know how many.

What happens if you can't walk and
you can't talk?

Do you want your balloons to be like mine?

I like the guess which one it is, but I have a different
character than Scooby.

I'm always scared my teeth will fall out. N/A

Structure How could you know when you didn't
even look?

Mama but I don't know how to do it by
myself so can you help me?

The trick is do my Mama hair like this.

I watched a show that was like Jack and Jill but it was
with Jack and his dad with the giant.

You always cheat when we do this.

When the bell rings again that means it's
time for them to get into school.

This is the kind of steam
that makes people die.

4 Across the two sessions, there are six occasions where participants' structure HOTT utterance are 100% complex. However, these participants produced 3 or fewer
structure HOTT utterances, suggesting this high value is an artifact of small samples rather than a deterministic relationship. Eliminating these six occasions results in
an individual's average complexity of structure HOTT utterances of 34.7%, ranging from 0% to 85.6%.
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Appendix D. Predicting grade school higher-order thinking outcomes using surface HOTT, structure HOTT, and complex utterance
trajectory parameters

Table D.1
A series of regression models using surface HOTT trajectory parameters (and controls) to predict grade school higher-order thinking as assessed by standardized
measures. All coefficients are standardized. Bolded cells highlight ‘best’ overall model for Ravens (as described in text). DARC = Diagnostic Assessment of Reading
Criteria. GM = Gates-MacGinitie. WJ-VA = Woodcock-Johnson Verbal Analogies. Ravens = Ravens Progressive Matrices. CWT14 = Child Word Types at
14 months. Acc. = Surface HOTT Acceleration.

Model 1 (controls
only)

Model 2 (inter-
cept)

Model 3
(growth)

Model 4
(acc.)

Model 5 (intercept +
growth)

Model 6 (growth +
acc.)

Model 7 (intercept +
acc.)

DARC, age 9 Income 0.298⁎ 0.304^ 0.292⁎ 0.301⁎ 0.302^ 0.298^ 0.302^

CWT14 0.169 0.172 0.158 0.161 0.162 0.159 0.162
First-born 0.151 0.154 0.153 0.155 0.158 0.151 0.155
Intercept −0.012 −0.024 −0.003
Growth −0.028 −0.035 −0.010
Acceleration 0.030 0.023 0.029
R2 0.148⁎ 0.148^ 0.148^ 0.149^ 0.149 0.149 0.149
ΔR2 from
Model 1

0.000 0.000 0.001 0.001 0.001 0.001

GM, age 9 Income 0.438⁎⁎ 0.302⁎ 0.431⁎⁎ 0.425⁎⁎ 0.304⁎⁎ 0.322⁎ 0.309⁎

CWT14 0.266⁎ 0.192 0.249^ 0.315⁎ 0.208 0.227 0.233^

First-born 0.018 −0.038 0.020 0.001 −0.043 −0.005 −0.042
Intercept 0.274^ 0.228^ 0.242^

Growth −0.036 0.042 −0.378^

Acceleration −0.154 −0.417⁎ −0.100
R2 0.265⁎⁎ 0.311⁎⁎⁎ 0.266⁎⁎ 0.286⁎⁎ 0.313⁎⁎ 0.332⁎⁎ 0.320⁎⁎

ΔR2 from
Model 1

0.046^ 0.001 0.021 0.048 0.067 0.055

Ravens, age
11

Income 0.315⁎ 0.177 0.263^ 0.315⁎ 0.168 0.174 0.172⁎

CWT14 0.060 −0.010 −0.051 0.060 −0.076 −0.061 −0.037
First-born 0.157 0.104 0.179 0.157 0.132 0.151 0.111
Intercept 0.283 0.223 0.302^

Growth −0.239 −0.173 −0.545⁎

Acceleration −0.001 −0.378^ 0.065
R2 0.136^ 0.187^ 0.179^ 0.136 0.207^ 0.233⁎ 0.191^

ΔR2 from
Model 1

0.048 0.043 0.000 0.071 0.097^ 0.055

WJ-VA, age
11

Income 0.366⁎⁎ 0.275^ 0.401⁎⁎ 0.355⁎⁎ 0.289^ 0.357⁎ 0.289^

CWT14 0.284⁎ 0.238^ 0.357⁎ 0.351⁎ 0.327⁎ 0.353⁎ 0.306^

First-born −0.068 −0.103 −0.083 −0.095 −0.140 −0.095 −0.117
Intercept 0.185 0.265 0.138
Growth 0.156 0.234 0.011
Acceleration −0.188 −0.181 −0.158
R2 0.207⁎ 0.229⁎ 0.225⁎ 0.237⁎ 0.265⁎ 0.238⁎ 0.249⁎

ΔR2 from
Model 1

0.022 0.018 0.030 0.058 0.031 0.042

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.

Table D.2
A series of regression models using structure HOTT trajectory parameters (and controls) to predict grade school higher-order thinking as assessed by standardized
measures. All coefficients are standardized. Bolded numbers highlight ‘best’ overall model for DARC, GM, and WJ-VA (as described in text). DARC = Diagnostic
Assessment of Reading Criteria. GM = Gates-MacGinitie. WJ-VA = Woodcock-Johnson Verbal Analogies. Ravens = Ravens Progressive Matrices. CGT14 = Child
Gesture Types at 14 months. Acc. = Structure HOTT Acceleration.

Model 1 (controls
only)

Model 2 (inter-
cept)

Model 3
(growth)

Model 4
(acc.)

Model 5 (intercept +
growth)

Model 6 (growth +
acc.)

Model 7 (intercept +
acc.)

DARC, age 9 Family income 0.261⁎ 0.147 0.257^ 0.274⁎ 0.148 0.269⁎ 0.136
CGT14 0.292⁎ 0.204 0.282⁎ 0.290⁎ 0.202 0.2896⁎ 0.160
First-born 0.125 0.030 0.117 0.130 0.038 0.125 0.016
Intercept 0.280^ 0.276 0.403⁎

Growth −0.059 −0.018 −0.026
Acceleration 0.067 0.050 0.209
R2 0.201⁎ 0.246⁎⁎ 0.204⁎ 0.205⁎ 0.247⁎ 0.206⁎ 0.279⁎⁎

ΔR2 from
Model 1

0.045^ 0.003 0.004 0.046 0.005 0.078^

GM, age 9 Family Income 0.392⁎⁎ 0.202^ 0.384⁎⁎ 0.371⁎⁎ 0.203 0.308⁎ 0.199
CGT14 0.375⁎⁎ 0.226^ 0.359⁎⁎ 0.377⁎⁎ 0.223^ 0.333⁎⁎ 0.213^

First-born −0.005 −0.15 −0.019 −0.014 −0.152 −0.069 −0.157
(continued on next page)
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Table D.2 (continued)

Model 1 (controls
only)

Model 2 (inter-
cept)

Model 3
(growth)

Model 4
(acc.)

Model 5 (intercept +
growth)

Model 6 (growth +
acc.)

Model 7 (intercept +
acc.)

Intercept 0.469⁎⁎ 0.458⁎⁎ 0.507⁎⁎

Growth −0.111 −0.045 −0.325⁎

Acceleration −0.114 −0.324⁎ 0.064
R2 0.330⁎⁎⁎ 0.456⁎⁎⁎ 0.342⁎⁎⁎ 0.342⁎⁎⁎ 0.458⁎⁎⁎ 0.400⁎⁎⁎ 0.459⁎⁎⁎

ΔR2 from
Model 1

0.126⁎⁎ 0.012 0.012 0.128⁎⁎ 0.070^ 0.129⁎⁎

Ravens, age
11

Family income 0.298⁎ 0.226 0.293⁎ 0.290⁎ 0.226 0.258^ 0.226
CGT14 0.226 0.169 0.220 0.229 0.167 0.210 0.170
First-born 0.123 0.052 0.118 0.116 0.052 0.080 0.052
Intercept 0.197 0.192 0.197
Growth −0.051 −0.025 −0.192
Acceleration −0.066 −0.199 −0.002
R2 0.181⁎ 0.204⁎ 0.184^ 0.186^ 0.205^ 0.204^ 0.204^

ΔR2 from
Model 1

0.023 0.003 0.005 0.024 0.023 0.023

WJ-VA, age
11

Family income 0.331⁎ 0.226 0.350⁎⁎ 0.305⁎ 0.227^ 0.326⁎ 0.238^

CGT14 0.391⁎⁎ 0.307⁎ 0.420⁎⁎ 0.401⁎⁎ 0.325⁎ 0.414⁎⁎ 0.338⁎

First-born −0.082 −0.192 −0.055 −0.105 −0.184 −0.080 −0.177
Intercept 0.295^ 0.359⁎ 0.211
Growth 0.226^ 0.277⁎ 0.132
Acceleration −0.225^ −0.134 −0.157
R2 0.276⁎⁎ 0.327⁎⁎ 0.325⁎⁎ 0.325⁎⁎ 0.397⁎⁎⁎ 0.334⁎⁎ 0.347⁎⁎

ΔR2 from
Model 1

0.051^ 0.049^ 0.049^ 0.122⁎ 0.058 0.071

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.

Table D.3
A series of regression models using complex utterance trajectory parameters (and controls) to predict grade school higher-order thinking as assessed by standardized
measures. All coefficients are standardized. Bolded numbers highlight model described in text. DARC = Diagnostic Assessment of Reading Criteria. GM = Gates-
MacGinitie. WJ-VA = Woodcock-Johnson Verbal Analogies. Ravens = Ravens Progressive Matrices. CWT14 = Child Word Types at 14 months. Acc. = Complex
Utterance Acceleration.

Model 1 (controls
only)

Model 2 (inter-
cept)

Model 3
(growth)

Model 4
(Acc.)

Model 5 (intercept +
growth)

Model 6 (growth +
acc.)

Model 7 (intercept +
acc.)

DARC, age 9 Family income 0.297⁎ 0.289⁎ 0.306⁎ 0.336⁎ 0.340⁎ 0.332⁎ 0.317⁎

CWT14 0.193 0.182 0.126 0.171 0.148 0.139 0.140
Intercept 0.029 −0.115 0.077
Growth −0.185 −0.246 −0.103
Acceleration 0.214 0.168 0.227
R2 0.125⁎ 0.126^ 0.155⁎ 0.169⁎ 0.162^ 0.176⁎ 0.174^

ΔR2 from
Model 1

0.001 0.030 0.044 0.037 0.051 0.048

GM, age 9 Family income 0.438⁎⁎ 0.383⁎⁎ 0.445⁎⁎ 0.433⁎⁎ 0.395⁎⁎ 0.426⁎⁎ 0.384⁎⁎

CWT14 0.269⁎ 0.200 0.215^ 0.273⁎ 0.191 0.211⁎⁎ 0.198
Intercept 0.207 0.173 0.209
Growth −0.153 −0.059 −0.211
Acceleration −0.029 −0.122 0.009
R2 0.265⁎⁎⁎ 0.300⁎⁎⁎ 0.285⁎⁎ 0.265⁎⁎ 0.302⁎⁎ 0.296⁎⁎ 0.300⁎⁎

ΔR2 from
Model 1

0.035 0.020 0.000 0.037 0.032 0.035

Ravens, age
11

Family income 0.322⁎ 0.295⁎ 0.331⁎ 0.312⁎ 0.320⁎ 0.311⁎ 0.291^

CWT14 0.094 0.062 0.050 0.103 0.044 0.048 0.070
Intercept 0.107 0.037 0.097
Growth −0.143 −0.123 −0.210
Acceleration −0.063 −0.150 −0.041
R2 0.113^ 0.122 0.131^ 0.117 0.132 0.149 0.124

0.010 0.018 0.004 0.019 0.036 0.011
(continued on next page)
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Table D.3 (continued)

Model 1 (controls
only)

Model 2 (inter-
cept)

Model 3
(growth)

Model 4
(Acc.)

Model 5 (intercept +
growth)

Model 6 (growth +
acc.)

Model 7 (intercept +
acc.)

ΔR2 from
Model 1

WJ-VA, age
11

Family income 0.363⁎⁎ 0.331⁎ 0.367⁎⁎ 0.366⁎⁎ 0.324⁎ 0.366⁎⁎ 0.336⁎

CWT14 0.268⁎ 0.226 0.251^ 0.266^ 0.230 0.251^ 0.216
Intercept 0.134 0.152 0.145
Growth −0.051 0.031 −0.054
Acceleration 0.016 −0.006 0.047
R2 0.202⁎⁎ 0.217⁎ 0.205⁎ 0.203⁎ 0.218⁎ 0.205⁎ 0.219⁎

ΔR2 from
Model 1

0.015 0.003 0.001 0.016 0.002 0.017

^ p<0.10.
⁎ p<0.05.
⁎⁎ p<0.01.
⁎⁎⁎ p<0.001.

Appendix E. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cognition.2020.104274.
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