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a b s t r a c t
Before learning the cardinal principle (knowing that the last word reached when counting a set represents the size of the whole set), children do not use number words accurately to label most set sizes.
However, it remains unclear whether this difﬁculty reﬂects a general inability to conceptualize and communicate about number, or a speciﬁc problem with number words. We hypothesized that children’s gestures might reﬂect knowledge of number concepts that they cannot yet express in speech, particularly for
numbers they do not use accurately in speech (numbers above their knower-level). Number gestures are
iconic in the sense that they are item-based (i.e., each ﬁnger maps onto one item in a set) and therefore
may be easier to map onto sets of objects than number words, whose forms do not map transparently
onto the number of items in a set and, in this sense, are arbitrary. In addition, learners in transition with
respect to a concept often produce gestures that convey different information than the accompanying
speech. We examined the number words and gestures 3- to 5-year-olds used to label small set sizes
exactly (1–4) and larger set sizes approximately (5–10). Children who had not yet learned the cardinal
principle were more than twice as accurate when labeling sets of 2 and 3 items with gestures than with
words, particularly if the values were above their knower-level. They were also better at approximating
set sizes 5–10 with gestures than with words. Further, gesture was more accurate when it differed from
the accompanying speech (i.e., a gesture–speech mismatch). These results show that children convey
numerical information in gesture that they cannot yet convey in speech, and raise the possibility that
number gestures play a functional role in children’s development of number concepts.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
Children’s understanding of number – both exact and approximate – is a critical component of early mathematical development
(e.g., Carey, 2009; National Research Council, 2009; Sarnecka &
Carey, 2008; Sasanguie, Göbel, Moll, Smets, & Reynvoet, 2013).
Previous research has shown that children learn the cardinal
meanings of the ﬁrst four number words one at a time, in order,
and then learn the cardinal principle – that the last number
reached when counting a set represents the size of the whole set
(e.g., Carey, 2009; Sarnecka & Carey, 2008; Sarnecka & Lee, 2009;
Wynn, 1990, 1992). Although this trajectory has been well documented, to understand the mechanism underlying the acquisition
of the cardinal principle, it is important to characterize children’s
skills and limitations during the early stages of the trajectory when
they know the cardinal meanings of only a few number words. Are
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children at these early stages able to conceptualize, and communicate about, set sizes higher than those they can label with their
known number words? We investigated this question by asking
children to communicate about set sizes using an alternate modality – gesture – and comparing their ability to respond appropriately using number gestures versus number words. We examine
children’s ability to use both words and gestures to label small
set sizes exactly (1–4), as well as to label larger set sizes approximately (5–10). We argue that assessing children’s use of number
gestures provides a more ﬁne-grained view of children’s numerical
cognition than can be obtained using verbal measures alone.
1.1. Cardinal number knowledge
Although children are often able to count a set of objects by age
2½ years, they do not initially understand the relation between the
count routine and the cardinal value of the set (Wynn, 1990, 1992).
Rather, children appear to go through stages in which they learn
the cardinal meanings of each of the ﬁrst four number words one
at a time, in order (e.g., Carey, 2009; Sarnecka & Lee, 2009;
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Wynn, 1992). A child who has learned the cardinal meaning of
‘‘one’’ (referred to as a ‘‘one-knower’’) can successfully produce
and label sets of one object, but not larger set sizes. Similarly, a
child who has learned the cardinal meanings of the words ‘‘one’’
and ‘‘two’’ (referred to as a ‘‘two-knower’’) can successfully produce and label sets of one or two objects, but not larger set sizes.
Children go through parallel stages in which they learn the cardinal
meanings of ‘‘three’’ and ‘‘four’’ (referred to as ‘‘three-knowers’’
and ‘‘four-knowers’’). After learning the cardinal meanings of the
ﬁrst three or four number words, children learn that the last number word reached when counting a set represents the size of the
whole set (the cardinal principle) and are referred to as
‘‘cardinal-principle-knowers’’ (Gelman & Gallistel, 1978). This process takes at least 12 months, and may take up to 3 years for some
children, from the time they learn the cardinal meaning of ‘‘one’’ to
the time they learn the cardinal principle (e.g., Sarnecka, Goldman,
& Slusser, 2015; Wynn, 1992).
This developmental trajectory has typically been described as
discontinuous (e.g., Sarnecka & Lee, 2009), such that children at
a particular ‘‘knower-level’’ have little to no knowledge of the cardinal meanings of numbers above their highest ‘‘known’’ number.
However, recent research suggests otherwise. Children at a given
knower-level seem to have some knowledge of the next number
word above their knower-level (Barner & Bachrach, 2010). For
instance, two-knowers tend to say ‘‘three’’ when shown 3 objects
more often than when shown 4 objects. Further, at least some
children who have not yet learned the cardinal principle (collectively referred to as ‘‘subset-knowers’’) say larger number words
when shown larger sets of objects (Gunderson, Spaepen, &
Levine, 2015), indicating that they already have some approximate knowledge of the cardinal meanings of larger number
words. These children thus demonstrate partial knowledge
of the cardinal meanings of number words above their
knower-level.
1.2. Gesture in numerical development
Gestures are a means of communicating numerical knowledge,
one that children carry around with them at all times, literally, at
their ﬁngertips. A number of researchers have argued that gestures
support verbal number knowledge (for recent reviews, see Di Luca
& Pesenti, 2011; Goldin-Meadow, Levine, & Jacobs, 2014; but see
Crollen, Seron, & Noël, 2011 for a contrasting view). However, most
research has focused on counting gestures (i.e., pointing to objects
or raising ﬁngers one at a time while counting; Alibali & DiRusso,
1999; Fuson, 1988; Gelman & Gallistel, 1978; Graham, 1999;
Potter & Levy, 1968; Saxe, 1977; Saxe & Kaplan, 1981), rather than
cardinal number gestures (i.e., holding up a certain number of ﬁngers to represent a set size, a behavior that has been called ‘‘ﬁnger
montring’’; Di Luca & Pesenti, 2008). Children begin to produce
pointing gestures while counting as early as age 2 years (Gelman
& Gallistel, 1978) and, by age 4 years, almost always do so, while
at the same time successfully preserving one-to-one correspondence (Saxe, 1977). Counting gestures have been posited to support the counting principles, which are thought, in turn, to
support later numerical development (e.g., Gelman & Gallistel,
1978). Consistent with this argument, ﬁnger gnosia (the ability to
represent one’s ﬁngers mentally) is correlated with math skill
(e.g., Fayol, Barrouillet, & Marinthe, 1998; Noël, 2005). These studies suggest that counting gestures are extremely common and
potentially important for children’s numerical development.
Cardinal number gestures (referred to simply as ‘‘number gestures’’ in subsequent mentions) have been much less
well-studied, despite their ubiquity across cultures (Bender &
Beller, 2012). Most of the existing research has focused on adults’
use of these gestures (e.g., Di Luca, Lefèvre, & Pesenti, 2010; Di
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Luca & Pesenti, 2008; Spaepen, Coppola, Flaherty, Spelke, &
Goldin-Meadow, 2013; Spaepen, Coppola, Spelke, Carey, &
Goldin-Meadow, 2011; Suriyakham, 2007). Both adults and
2nd-graders are faster to name the number represented by canonical number gestures (e.g., index and middle ﬁnger raised to mean
‘‘two’’) than by other ﬁnger conﬁgurations (e.g., index and pinky
ﬁnger raised to mean ‘‘two’’) (Di Luca & Pesenti, 2008; Noël,
2005). For adults, canonical number gestures, but not
non-canonical ones, prime nearby numbers based on their proximity to the target in the same way that Arabic numerals do (i.e., a
place-coding representation) (Di Luca et al., 2010). This ﬁnding
suggests that adults’ number gestures function symbolically and
possess semantic meaning based on their canonical conﬁguration,
rather than deriving their meaning merely from the number of ﬁngers (and not the particular ﬁngers) raised.
Interestingly, number gestures may have different meanings
when used by numerate versus non-numerate adults (Spaepen
et al., 2011, 2013). Profoundly deaf adults who have not learned
a sign language or a spoken language and use their own homemade
gestures
to
communicate
(known
as
‘‘homesigners,’’
Goldin-Meadow, 2003a), and who have therefore never learned a
count list or any other formal mathematics, readily use number
gestures to communicate about set size (Coppola, Spaepen, &
Goldin-Meadow, 2013; Spaepen et al., 2011). When asked to produce a gesture to represent a set of objects, homesigners’ number
gestures are accurate up to set sizes of 3, but approximate for set
sizes 4 and higher (Spaepen et al., 2011). This pattern suggests that
their gestures map onto the same two preverbal systems thought
to underlie children’s number word learning – the
parallel-individuation system, which represents set sizes 1–3 in
an exact manner, and the approximate number system (ANS),
which represents larger set sizes in an approximate manner (e.g.,
Feigenson, Dehaene, & Spelke, 2004).
Importantly, homesigners seem to use all of their number gestures as item-based representations, rather than as summary symbols. When asked to recall sequences of number gestures,
homesigners perform more poorly on sequences involving large
set sizes (e.g., 4, 5, 4) than on sequences involving small set sizes
(e.g., 2, 3, 2) (Spaepen et al., 2013). This pattern suggests that, for
the homesigners, the individual ﬁngers in a number display occupy
multiple spaces in short-term memory (‘‘one, one, one, one, one’’),
as opposed to occupying a single space as a summary symbol
(‘‘ﬁve’’); it is harder to remember displays containing many ﬁngers
(4 or 5) than displays containing fewer ﬁngers (2 or 3). In contrast,
deaf individuals who have learned a conventional sign language
(e.g., American Sign Language), including a count list, perform
equally well on sequences containing 4’s and 5’s and sequences
containing 2’s and 3’s (Spaepen et al., 2013); for these signers,
the number handshapes do not appear to be item-based (‘‘one,
one, one, one, one’’) and thus are likely to be serving as summary
symbols (‘‘ﬁve’’).
Do children, before learning the cardinal principle, view their
number gestures as summary symbols, like deaf signers and hearing adults, or as item-based representations, like homesigners?
Although the present study was not designed to directly answer
this question, we hypothesize that children initially use their gestures as item-based representations, like homesigners, and that
gestures serve as an important bridge between preverbal mental
representations of number that are item-based (i.e., the
parallel-individuation system for small sets) or magnitude-based
(i.e., the ANS for large sets) and the arbitrary symbols of speech.
We return to this possibility in Section 4. The present study
focuses on the critical question that must be answered ﬁrst:
can young children use number gestures to effectively communicate about set sizes that are larger than their known number
words?
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Although children and their parents spontaneously produce
number gestures as early as 3 years of age (Goldin-Meadow
et al., 2014; Suriyakham, 2007), there has been relatively little
research on how children use their number gestures, which is critical to understanding the role gesture plays in early numerical
development (Crollen, Mahe, Collignon, & Seron, 2011; Nicoladis,
Pika, & Marentette, 2010). Most relevant to the current research,
a study comparing children’s performance in speech and gesture
concluded that children perform better on verbal than gestural
number tasks (Nicoladis et al., 2010). This study used gestural
and verbal versions of two tasks. In one task (How Many), 2- to
5-year-olds were shown a picture of a set of objects and were
asked to respond using a number gesture or a number word. In a
second task (Give-a-Number), children were presented with either
a number gesture or a number word and were asked to respond by
creating a set of objects corresponding to the number. The results
indicated that children were more accurate with number words
than with number gestures on both the How Many and
Give-a-Number tasks. However, there is reason to believe that
these results do not indicate a universal advantage for number
words over number gestures in development. First, the observed
difference was driven mainly by children’s higher accuracy with
words than with gestures for the set sizes 6, 7, 8, and 9; these
set sizes are problematic because they require children to produce
different handshapes with each hand, a difﬁcult task at this age.
Second, the advantage of speech over gesture was more robust
among older children (4- to 5-year-olds) than among younger children (2- to 3-year-olds). Older children, who are more likely to
have already learned the cardinal principle and thus be at or near
ceiling on the number word tasks, may show better performance in
speech than in gesture because speech is the more practiced
modality. But this pattern may not reﬂect the abilities of
subset-knowers, who have not yet learned the cardinal principle.
For subset-knowers, the literature provides reason to believe
that gesture may lead speech. In particular, gesture studies examining other concepts show that learners who are in transition with
respect to a concept, when asked to talk about the concept, often
produce gestures that convey information that differs from the
information conveyed in the accompanying speech (Perry,
Church, & Goldin-Meadow, 1988; Pine, Lufkin, & Messer, 2004),
and that the information conveyed in those gestures is often more
correct than the information conveyed in speech (Broaders, Cook,
Mitchell, & Goldin-Meadow, 2007; Church & Goldin-Meadow,
1986). Thus, we propose that children’s ability to use number gestures may actually precede their ability to use number words, and
that this gesture advantage will be observed in subset-knowers for
whom cardinal-number knowledge is in a transitional stage, but
not in cardinal-principle-knowers for whom cardinal-number
knowledge is more fully-developed.
1.3. The present study
The present study uses number gesture as a window onto children’s ability to represent and communicate about set sizes, with
the goal of addressing two interrelated sets of questions about
preschoolers’ number knowledge prior to learning the cardinal
principle.
Our ﬁrst question revolves around what children know about
small set sizes (1, 2, 3, and possibly 4). Given that even infants
can exactly represent and discriminate between set sizes 1 to 3
(and
possibly
4,
for
older
children)
using
the
parallel-individuation system (e.g., Feigenson & Carey, 2003;
Feigenson et al., 2004; Starkey & Cooper, 1980; Starkey, Spelke, &
Gelman, 1990; Strauss & Curtis, 1981), what holds children back
from learning the cardinal meanings of the number words ‘‘one’’,
‘‘two’’, and ‘‘three’’? Do children have difﬁculty explicitly accessing

and communicating about their mental representations of set sizes
1, 2, and 3, or is it the case that children can access these representations and communicate about them, but have difﬁculty mapping
speciﬁc number words to these representations? Examining number gestures in relation to number words allows us to distinguish
between these two possibilities. We hypothesize that
subset-knowers will be better able to access and communicate
about their mental representations of set size using gestures than
using words, since number gestures bear the same item-based correspondence to set size as the child’s mental representation.
Number words are arbitrary symbols, which are likely to be more
difﬁcult to map to item-based representations than number
gestures.
In the present study, we tested this hypothesis by showing children pictures of objects and asking them to indicate what was on
the page using either number words or number gestures. We
expected children to be more accurate in gesture than in speech,
but only for those set sizes that were small enough to be represented by the parallel-individuation system (i.e., 1, 2, 3, and possibly 4) and for which they had not yet learned an exact number
word (i.e., numbers above their knower-level). We expected this
to be the case for several reasons. First, gesture precedes speech
in other aspects of language development, including spontaneous
vocabulary and multi-word utterance production (GoldinMeadow, 2014; Iverson & Goldin-Meadow, 2005; Özçalısßkan &
Goldin-Meadow, 2005), so it seemed possible that gesture would
precede speech in the context of number word learning as well.
Second, we reasoned that children might be able to gesture about
cardinal number prior to being able to produce number words correctly because of the item-based nature of number gestures.
Children are able to match small sets of objects (1–3) to other
small sets of similar objects based on set size around age 2, earlier
than they can correctly produce words for those sets of objects
(Huttenlocher, Jordan, & Levine, 1994; Mix, 2008). If children see
their ﬁngers as sets of objects (as homesigners seem to do;
Spaepen et al., 2013), they may be able to match the number of ﬁngers they hold up to the number of objects in a set in a similar way,
even before learning a verbal label for the entire set (a summary
symbol). Given that number gestures eventually function as summary symbols for numerate adults (Di Luca & Pesenti, 2008), it is
possible that number gestures may help children transition from
the item-based representations of the parallel-individuation system to the summary symbols necessary for learning the cardinal
meanings of number words; we return to this possibility in greater
detail in Section 4.
Our second question pertains to children’s ability to understand
large set sizes (5–10), which are too large to be represented by the
parallel-individuation system; the ANS represents them in a noisy
fashion (e.g., Feigenson et al., 2004). Many subset-knowers fail to
say higher number words to label sets of 10 objects than sets of
5 objects (Le Corre & Carey, 2007). Do subset-knowers know more
about large set sizes than their number words suggest? As with
smaller sets, children might have approximate mental representations of large set sizes (5–10), and even be able to explicitly access
and communicate about those representations, but have difﬁculty
mapping speciﬁc number words to them. If so, we would expect
children to map number gestures (but not yet number words) to
the Approximate Number System (ANS). Although the ANS is not
thought to track objects in an item-based fashion as the
parallel-individuation system does (e.g., Feigenson et al., 2004),
ANS representations are deeply intertwined with spatial extent
(e.g., Cantrell & Smith, 2013). Spatial extent is encoded in number
gestures simply because they are item-based (i.e., a larger number
gesture involves more ﬁngers, which take up more space) but is
not encoded in arbitrary number words (i.e., a larger number word
does not take up more space or time). Thus, the item-based nature
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of number gestures may make them easier to map onto the representations of the ANS.
To determine whether subset-knowers show more knowledge
of large set sizes in gesture than speech, we asked children to produce number words and number gestures in response to large set
sizes (5–10). We expected that subset-knowers would fail to produce larger number words for larger set sizes, but would succeed
with number gestures. Given that even adult homesigners do not
create exact matches between their ﬁngers and sets sizes larger
than 4 (Spaepen et al., 2011), we did not expect subset-knowers
to do so. However, since children are able to match larger set sizes
to each other in an approximate fashion starting around 3 years of
age (Cantlon, Fink, Safford, & Brannon, 2007), they should be able
to match their gestures to larger set sizes in an approximate fashion as well. This prediction is based on the assumption that numerical gestures, because they are item-based with a transparent
mapping between number of ﬁngers and number of items in a
set, make it easier for children to map a set onto a number of ﬁngers than to a number word, a mapping that may eventually serve
as a bridge to arbitrary symbolic representations of number (i.e., to
number words).
Since we asked children to respond with number words and
number gestures separately, it is possible that any differences
found between children’s performance on the two tasks may be
due to differences in children’s interpretation of the task (e.g.,
whether the experimenter is asking for an exact or approximate
response) or to children changing their strategy between the two
tasks. Therefore, in addition to examining performance on each
task separately, we also examined instances in which children
spontaneously produced both gesture and speech in a single
response. Since gesture and speech form an integrated system
(Goldin-Meadow, 1998, 2003b), we expected children to produce
some gesture–speech combinations spontaneously during the
numerical tasks. Of particular interest are instances in which children produce a different response in gesture than in speech,
referred to as gesture–speech mismatches (Church &
Goldin-Meadow, 1986; Goldin-Meadow, 2003b). Examining the
numerical values of the gesture and speech components of a mismatch allows us to isolate differences between children’s representational capacities in each modality, while equating for strategy
use and task interpretation. In line with our predictions for the
tasks as a whole, we expected that children, particularly
subset-knowers, would display better performance in the gestural
component of a mismatch than in the speech component.

2. Method
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delay (N = 2), had unclassiﬁable knower-level data (N = 7),1 or were
classiﬁed as ‘‘ﬁve-knowers’’ and thus could not be categorized
deﬁnitively as subset- or CP-knowers (N = 4).
2.2. Design
Children completed three tasks as part of a larger battery of
math-related tasks. Children were assessed in a quiet area of their
preschool. The Give-a-Number task was used to determine children’s knower-levels, and always preceded the other two tasks
(although it was in some cases separated from the other two tasks
by other randomly-ordered tasks in the task battery). Children
completed a number gesture elicitation task, What’s on this
Card-Gesture (WOC-Gesture), and a number word elicitation task,
What’s on this Card-Speech (WOC-Speech). We chose a ﬁxed order,
in which WOC-Gesture always preceded WOC-Speech, as a way to
increase the number of gesture–speech combinations that children
would produce on the WOC-Speech task. That is, by asking children
to gesture ﬁrst, we expected that children would continue to gesture during the subsequent speech task. We made the decision
part-way through data collection that the WOC-Speech task should
always immediately follow the WOC-Gesture task (earlier in data
collection, the two tasks could be separated by other tasks,
depending on the random order of tasks in the battery) in the hope
of increasing spontaneously produced gesture–speech combinations on the WOC-Speech task. The majority of children (73%)
received the WOC-Speech task immediately after the
WOC-Gesture task; for the remaining children the tasks were separated by one or more other numerical tasks.2
2.3. Materials
2.3.1. Give-a-Number
The materials for this task consisted of ﬁfteen small
multi-colored plastic ﬁsh and a clear plastic bowl.
2.3.2. What’s on this Card-Gesture (WOC-Gesture)
The materials for the WOC-Gesture task consisted of
twenty-four 8.500  1100 white sheets of paper with color pictures
of objects printed on them. The sheets of paper were encased in
clear plastic sheet protectors in a three-ring binder. Children were
shown four blocks of 6 cards, for a total of 24 cards. Each block
depicted one type of object (frogs, birds, ﬂowers, and boats), and
each card within the block depicted a different set size (1, 2, 3, 4,
5, and 10 objects). We chose to include 5 and 10 as our
large-number set sizes because the gestures for 5 and 10 do not
require children to produce different hand-shapes with each hand,
a difﬁcult motoric task for preschoolers (the gestures for 6, 7, 8, and

2.1. Participants
One hundred ﬁfty-ﬁve children (85 male, 70 female) participated in the study. The mean age was 4.44 years (SD = 0.60,
range = 3.11–5.58 years, N = 154 since one parent did not provide
the child’s date of birth). Subjects came from a range of socioeconomic backgrounds. Average family income was $42,868
(SD = $37,406) with a range from less than $15,000 to more than
$100,000 per year (N = 129). Parents’ education was considered
to be the maximum education of either parent, and ranged from
less than high school to a graduate degree. The average parents’
education was 14.2 years (equivalent to 2 years of college;
SD = 2.6 years; N = 136).
An additional 38 children were initially assessed, but were considered ineligible for the study because they did not complete all
tasks (N = 23), were identiﬁed by the teacher as having a hearing
disability or developmental delay (N = 2), were judged by the
experimenters to not have understood the tasks due to a speech

1
Eleven children included in the sample had knower-level data that was
incomplete (i.e., missing one or more trials due to child refusal or experimenter
error) but was still considered classiﬁable. To check the robustness of our results, we
re-ran all analyses excluding these children. All results reported as signiﬁcant at
p < .05 remained so at p < .10 with the following exceptions: subset-knowers’ gesture
advantage on 3 during mismatches did not reach signiﬁcance after the Bonferroni
correction using the more conservative binomial test (p = .029), although it did
remain signiﬁcant using a one-sample t-test (p = .002); the correlation between
knower-level and large-number slope on the WOC-Gesture task was no longer
signiﬁcant, r(58) = .19, p = .15; and there were no signiﬁcant differences in
WOC-Gesture versus WOC-Speech for one-knowers (N = 3) on set sizes 3 and 9
(Appendix Fig. A1).
2
To check the robustness of our results, we re-ran all analyses including only
children who received the WOC-Speech task immediately after the WOC-Gesture task
(N = 113). All results reported as signiﬁcant at p < .05 remained so or were marginally
signiﬁcant at p < .10 with the following exceptions: the correlation between
knower-level and large-number slope on the WOC-Gesture task was no longer
signiﬁcant, r(58) = .18, p = .18, and there was no signiﬁcant difference in
four-knowers’ accuracy on set size 5 on WOC-Gesture versus set size 6 on
WOC-Speech (Appendix Fig. A1).
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9 do require coordinating different hand-shapes). In addition, 5
and 10 differ by a 1:2 ratio that is visually discriminable by
3-year-olds in a non-symbolic approximation task (Halberda &
Feigenson, 2008).
Within each block, the objects depicted were identical in size,
shape, and color. The ﬁrst block (frogs) was a practice block
intended to familiarize children with the gesture response modality, and the set sizes for this block were presented in numerical
order (i.e., 1, 2, 3, 4, 5, 10). The set sizes in the three test blocks
(birds, ﬂowers, and boats) were presented in a ﬁxed,
pseudo-random order, with 6 items per block, for a total of 18
items for analysis.
2.3.3. What’s on this Card-Speech (WOC-Speech)
The materials for the WOC-Speech task were nearly identical in
structure to those for the WOC-Gesture task. The WOC-Speech task
consisted of eighteen 8.500  1100 sheets of paper presented in clear
plastic sheet protectors in a three-ring binder. The cards depicted
sets of objects arranged in three blocks of 6 cards per block (18
items total). Within each block, the objects (soccer balls, ﬁsh, and
bananas) were identical in size, shape, and color. The 6 cards
depicted different set sizes (1, 2, 3, 4, 6, and 9 objects). We chose
to include 6 and 9 as our large-number set sizes on the
WOC-Speech task because we wanted to avoid the possibility that
children would answer correctly by guessing the frequently-used
number words ‘‘ﬁve’’ and ‘‘ten.’’ Although the large-number set
sizes were not identical on the WOC-Speech (6 and 9) and
WOC-Gesture tasks (5 and 10), it is important to note that we also
analyze children’s simultaneous gesture and speech responses
within a single trial, mitigating the possibility that these set size differences are responsible for differences in children’s response patterns across the tasks.
On the WOC-Speech task, the large-number set sizes, 6 and 9,
differ by a 2:3 ratio that is visually discriminable by 3-year-olds
in a non-symbolic approximation task (Halberda & Feigenson,
2008). The ﬁrst item (1 soccer ball) was a practice item, which
was not scored or analyzed, resulting in 17 items for analysis.
The remaining set sizes in the three test blocks were presented
in a ﬁxed, pseudo-random order.

produce a unique, numerically-correct gesture for each set size.
The experimenter produced the number gestures for 1, 2, 3, 4, 5,
and 10, one at a time, in order.3 Between each gesture, the experimenter waited for the child to copy the gesture. If the child did
not copy the gesture correctly (typically when the child produced
an incorrect number of ﬁngers), the experimenter provided help
and correction until the child could produce a unique gesture for
each number. In some cases this process involved the child producing a different number gesture from the one the experimenter
showed initially. For example, some children who had difﬁculty producing the originally-presented gesture for 3 (index, middle, and
ring ﬁngers) were coached to use a different gesture for 3 (e.g., middle, ring, and pinky ﬁngers). In some cases, the experimenter suggested that the child use his or her other hand to hold down
ﬁngers in order to make the correct gesture (e.g., the child could
make a gesture for 3 by using the left hand to hold down the thumb
and pinky ﬁnger of the right hand, leaving the index, middle, and
ring ﬁngers up).
In the second part of the familiarization phase, the experimenter modeled the use of each gesture in connection with pictures of the appropriate set size. The experimenter showed the
child the ﬁrst card (a picture of 1 frog) and said, ‘‘For this, I would
do this [holds up index ﬁnger]. Can you do that?’’ The experimenter
provided correction and coaching if necessary. This was repeated
for each set size in the practice block (set sizes 1, 2, 3, 4, 5, and
10, in order).
To begin the test phase, the experimenter showed the child the
ﬁrst picture in the test block (5 birds) and said, ‘‘Now it’s your turn.
What would you do for this card?’’ If the child did not respond, the
experimenter attempted to elicit a response by saying, ‘‘Can you
use your ﬁngers to show me what’s on this card?’’ or by referring
back to the ﬁrst practice card (1 frog) and saying, ‘‘Remember,
for this I would do this [holds up index ﬁnger]. What would you
do for this card?’’ The experimenter repeated this procedure for
each trial in the test phase (3 blocks of six trials each for a total
of 18 trials). Children’s gesture responses were recorded as the
number of ﬁngers they held up, whether or not the particular
conﬁguration of ﬁngers was the one that had been modeled for
them.

2.4. Procedure
2.4.1. Give-a-Number
In the Give-a-Number task, children were given a pile of 15 ﬁsh
and were asked to put a certain number of ﬁsh in the ‘‘pond’’ (a
clear plastic bowl) (Wynn, 1990). Following each incorrect
response, the experimenter gave the child the chance to correct
his or her answer by saying, ‘‘Let’s check. Can you count the ﬁsh?’’
After the child counted the ﬁsh, the experimenter said, ‘‘But I asked
for N ﬁsh! Can you put N ﬁsh in the pond?’’ The child’s second
answer was recorded.
The experimenter began by asking for 1 ﬁsh. Subsequent trials
were determined using the titration method modeled after Wynn
(1992). When a child succeeded in giving N ﬁsh, the experimenter
requested N + 1 ﬁsh. When a child did not succeed in giving N ﬁsh,
the experimenter requested N  1 ﬁsh. The experimenter ended
the session when the child gave N ﬁsh correctly at least two out
of three times and gave N + 1 incorrectly at least two out of three
times, or gave all set sizes correctly up to 6, and gave 6 correctly
2 out of 3 times.
2.4.2. WOC-Gesture
The WOC-Gesture task began with a two-part familiarization
phase. In the ﬁrst part, the experimenter asked the child to copy
her gestures without reference to any pictures or objects. The goal
of this copying procedure was to ensure that the child was able to

2.4.3. WOC-Speech
In the ﬁrst trial of the WOC-Speech task, the experimenter
showed the child a picture of one soccer ball and said, ‘‘What’s
on the card?’’ After the child responded, typically by saying ‘‘ball’’
or ‘‘a ball’’, the experimenter said, ‘‘That’s right, it’s ONE ball.’’
Children’s responses on this ﬁrst practice item were not scored.
On subsequent items, the experimenter said, ‘‘What’s on the card?’’
If the child responded with a gesture but not a number word, the
experimenter said, ‘‘Can you use your words to tell me what’s on
here?’’ If the child counted but did not produce a cardinal response,
the experimenter said, ‘‘So what’s on the card?’’ If necessary, the
experimenter attempted to elicit a cardinal number word response
by saying, ‘‘What else can you tell me?’’ ‘‘Can you take a guess?’’, or
by referring back to the ﬁrst card and saying ‘‘Remember, this is
ONE ball. So what’s on this card?’’ This procedure was repeated
for each trial (17 test trials).
3
A potential concern is that the experimenter demonstrated exactly six number
gestures, which may have limited children’s use of number gestures to 1, 2, 3, 4, 5,
and 10, whereas children’s use of number words was in principle limited only by their
knowledge of the count list (for most children, at least 1–10). To determine whether
the limited set of number gestures affected our results, we re-ran our analyses of
children’s responses to large set sizes (5–10) on WOC-Gesture versus WOC-Speech
using this restricted sample of speech data (responses of 1, 2, 3, 4, 5, and 10), parallel
to the available number gestures. All results reported as statistically signiﬁcant
remained so.
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3. Results
3.1. Knower-levels
We determined children’s knower-levels based on their
responses on the Give-a-Number task, following the criteria established by Wynn (1992). Speciﬁcally, we categorized children as
knowing the number N if they responded correctly two out of three
times when asked for N objects, and gave N objects no more than
half as often (percentage wise) when asked for larger set sizes than
when asked for N itself. Each child’s knower-level was the highest
number for which the child’s performance met these criteria.
Children who were successful up to the set size 6 were considered
cardinal-principle-knowers (CP-knowers). As noted previously, 4
children who were successful up to the set size 5, but not 6, were
excluded because they could not deﬁnitively be categorized as
either subset- or CP-knowers. The sample size and age, by
knower-level, is listed in Table 1.
3.2. Small numbers (1–4)
3.2.1. Accuracy on gesture versus speech tasks
We ﬁrst examined children’s accuracy on the WOC-Speech and
WOC-Gesture tasks for small numbers, in the range that can be
represented by the parallel-individuation system (1–4). Our ﬁrst
prediction was that subset-knowers would be more accurate overall on the WOC-Gesture task than on the WOC-Speech task, but
that this would not be the case for CP-knowers. To test this hypothesis, we conducted a 3-way mixed-effects ANOVA on accuracy with
the Greenhouse–Geisser correction, with the within-subjects factors of task (WOC-Gesture vs. WOC-Speech) and set size (1, 2, 3,
and 4), and the between-subjects factor of CP-knowledge group
(subset-knowers vs. CP-knowers). All main effects and interactions
were statistically signiﬁcant (p < .01), including the 3-way interaction of task, set size, and CP-knowledge group, F(2.3, 357.4) = 4.47,
p < .01, g2p = .03. To interpret this three-way interaction, we next
examined the two-way interactions between task and set size
within subset-knowers and within CP-knowers separately.
Accuracy by task and set size for subset-knowers is depicted in
Fig. 1, Panel A (additional graphs of accuracy, average response,
and histograms of response patterns by knower-level are presented in Appendix Figs. A1–A3). A 2 (task: WOC-Gesture vs.
WOC-Speech)  4 (set size: 1, 2, 3, 4) repeated-measures ANOVA
with the Greenhouse–Geisser correction revealed signiﬁcant main
effects of task, F(1, 72) = 21.2, p < .001, g2p = .23, and set size,
F(2.6, 185.9) = 135.6, p < .001, g2p = .65, and a signiﬁcant task  set
size
interaction,
F(2.5, 177.4) = 9.87,
p < .001,
g2p = .12.
Subset-knowers were signiﬁcantly more accurate on the
WOC-Gesture task than on the WOC-Speech task for set sizes 2
(t(72) = 5.03, p < .001, d = 0.59; sign test: Z = 4.20, p < .001) and
3 (t(72) = 4.12, p < .001, d = 0.48; sign test: Z = 4.08, p < .001),

Table 1
Age of children by knower-level (N = 155).
Knower-level

Pre-knowers
One-knowers
Two-knowers
Three-knowers
Four-knowers
Cardinal-principle-knowers
Total
a

N

9a
9
25
17
13
82
155

Age
Mean (SD)

Range

4.2
3.9
4.3
4.1
4.4
4.6

(0.9)
(0.3)
(0.6)
(0.5)
(0.6)
(0.5)

3.3–5.5
3.4–4.4
3.2–5.6
3.1–4.9
3.5–5.3
3.4–5.6

4.4 (0.6)

3.1–5.6

There were 9 pre-knowers in our sample, but age data was only available for 8
of them.

Fig. 1. Accuracy on the WOC-Gesture and WOC-Speech tasks by set size. ⁄⁄⁄p < .001.

but not for set size 1 where they were near ceiling on both the gesture and speech tasks (t(72) = 1.39, p = .17, d = 0.16; sign test: exact
p = 0.69), nor for set size 4, (t(72) = .66, p = .51, d = 0.08; sign test:
Z = 0.39, p = 0.74).
For all CP-knowers, accuracy by task and set size is depicted in
Fig. 1, Panel B. A 2 (task: WOC-Gesture vs. WOC-Speech)  4 (set
size: 1, 2, 3, 4) repeated-measures ANOVA with the Greenhouse–
Geisser correction revealed signiﬁcant main effects of task,
F(1, 81) = 8.84, p < .01, g2p = .10, and set size, F(1.6, 127.2) = 29.5,
p < .001, g2p = .27, and a signiﬁcant task  set size interaction,
F(1.4, 116.9) = 11.1, p < .001, g2p = .12. CP-knowers were signiﬁcantly more accurate on the WOC-Speech task than on the
WOC-Gesture task for set size 4 (t(81) = 3.77, p < .001, d = .42; sign
test: Z = 3.95, p < .001) but not set sizes 1, 2, or 3 (t-tests: all
ps > .30; sign tests: all ps > 0.30), where CP-knowers were near
ceiling on both the gesture and speech tasks.
Our second prediction was that subset-knowers’ advantage in
gesture would be driven by performance on set sizes above each
child’s knower-level. Therefore, we examined performance on each
set size for children for whom that set size was above, at, or below
the child’s knower-level (Fig. 2). It was not possible to conduct an
overall ANOVA across set sizes since different children were represented for each set size. Instead, within each grouping (above, at, or
below a child’s knower-level), we conducted four paired-samples
t-tests comparing speech vs. gesture for each set size. Using a
Bonferroni correction for four comparisons, p-values less than
.0125 were considered signiﬁcant. We ﬁrst examined numbers
above a child’s knower-level (Fig. 2, Panel A). The set size 1 is above
a child’s knower-level only for pre-knowers; although the difference in accuracy on 1 between the WOC-Gesture (M = 85.2%,
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Panel A

Set is Above Child's Knower-Level

Accuracy
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***

80%

***

60%
40%
20%
0%

1
2
(Pre-knowers) (Pre- and 1N=9
knowers)
N=18

3
(Pre, 1-, and
2-knowers)
N=43

4
(Pre-, 1-, 2-,
and 3knowers)
N=60

Set Size
WOC-Speech

WOC-Gesture

Panel B

Set is at Child's Knower-Level
**

Accuracy

100%
80%
60%
40%

than .0125 were considered signiﬁcant. Two-knowers performed
signiﬁcantly better on set size 2 on the WOC-Gesture task
(M = 97.3%, SD = 9.2%) than the WOC-Speech task (M = 73.3%,
SD = 41.9%; t(24) = 2.90, p < .01, d = .58; sign test: exact p = .039;
note that the paired-samples t-test reached signiﬁcance while
the sign test did not). One-knowers, three-knowers, and
four-knowers did not signiﬁcantly differ in their accuracy on the
WOC-Gesture versus WOC-Speech tasks at their knower-level
(t-tests: all p’s > .03; sign tests: all p’s > .03), although
WOC-Gesture
accuracy
was
directionally
higher
than
WOC-Speech accuracy in each group (by 11, 24, and 3 percentage
points in one-, three-, and four-knowers, respectively).
Finally, we examined children’s performance on set sizes that
were below their knower-level (Fig. 2, Panel C). Only the set sizes
1, 2, and 3 were analyzed, since the set size 4 was not below the
knower-level of any subset-knowers. Using a Bonferroni correction
for three comparisons, p-values less than .016 were considered signiﬁcant. Performance on the set sizes 1, 2, and 3 was near ceiling
for both WOC-Gesture and WOC-Speech tasks (between 79% and
100% accuracy), and the difference between WOC-Gesture and
WOC-Speech tasks was not signiﬁcant for any set size (t-tests: all
p’s > .03; sign tests: all p’s > .06).

20%
0%
1
(1-knowers)
N=9

3
(3-knowers)
N=17

2
(2-knowers)
N=25

4
(4-knowers)
N=13

Set Size
WOC-Speech

WOC-Gesture

Set is Below Child's Knower-Level
Accuracy

100%
80%
60%
40%
20%
0%
1
(2-, 3-, and 4knowers)
N=55

2
(3- and 4knowers)
N=30

3
(4-knowers)
N=13

4
(none)

Set Size
WOC-Gesture

WOC-Speech

Fig. 2. Accuracy on WOC-Gesture and WOC-Speech, by knower-level and set size.
⁄⁄
p < .0125 (Bonferroni correction for four comparisons), ⁄⁄⁄p < .001.

SD = 29.4%) and WOC-Speech tasks (M = 66.7%, SD = 43.3%) was in
the predicted direction, it did not reach statistical signiﬁcance
(t(8) = 1.01, p = .34, d = .34; sign test: exact p = 1.0). The set size 2
is above the knower-level of both pre- and one-knowers; these
children showed a marked advantage on 2 for WOC-Gesture
(M = 81.5%, SD = 30.7%) over WOC-Speech (M = 36.1%, SD = 37.2%;
t(17) = 4.03, p < .001, d = 0.95; sign test: exact p = .004). For the
set size 3, pre-, one-, and two-knowers showed a large advantage
on WOC-Gesture (M = 62.0%, SD = 42.2%) over WOC-Speech
(M = 31.0%, SD = 34.4%; t(42) = 4.06, p < .001, d = .62; sign test:
Z = 3.60, p < .001). In other words, when the set sizes 2 and 3
were above a child’s knower-level, children were more than twice
as accurate on the WOC-Gesture task than on the WOC-Speech
task. Finally, for the set size 4, pre-, one-, two-, and
three-knowers were analyzed, and showed no signiﬁcant difference in accuracy between the WOC-Gesture (M = 22.2%,
SD = 31.7%) and WOC-Speech (M = 26.4%, SD = 36.0%) tasks
(t(59) = 0.88, p = .38, d = .11; sign test: Z = 0.39, p = .70).
We next examined children’s performance on set sizes that
were at their knower-level (Fig. 2, Panel B), again using a
Bonferroni correction for four comparisons so that p-values less

3.2.2. Gesture–speech mismatches within a response
One potential concern with analyzing the WOC-Gesture and
WOC-Speech tasks separately is that differences between the tasks
could be due to children interpreting the tasks differently, employing different strategies on each task, or to children becoming fatigued (since the WOC-Speech task always followed the
WOC-Gesture task). However, since gesture and speech are produced in different modalities, children can produce both types of
responses simultaneously within a single response (referred to as
‘‘gesture–speech combinations’’). Gesture–speech combinations
on set sizes 1–4 were quite frequent; 81% of children produced
at least one combination, and the average number of combinations
per child was 6.2 (SD = 5.5, out of 23 trials). The majority of gesture–speech combinations occurred on the WOC-Speech task
(M = 63.9%, SD = 39.2%, N = 119), which was expected because the
WOC-Gesture task occurred before the WOC-Speech task in order
to prime children to gesture during the WOC-Speech task. In addition, it was often the case that the number conveyed in gesture was
different from the number conveyed in the accompanying speech
(referred to as a ‘‘mismatch’’). In fact, among subset-knowers,
35.5% (SD = 33.1%, N = 68) of all gesture–speech combinations on
set sizes 1–4 were mismatches (on the remaining 64.5% of gesture–speech combinations, the gesture and speech conveyed the
same number). Among CP-knowers, however, only 3.2%
(SD = 14.5%, N = 58) of combinations on set sizes 1–4 were
mismatches.
To address potential concerns about differences between the
WOC-Speech and WOC-Gesture tasks, we examined whether the
same gesture advantage occurred within a single response, that
is, on gesture–speech mismatches. Fifty-four participants (34.8%)
produced at least one gesture–speech mismatch on set sizes 1–4.
More than half of subset-knowers mismatched (68.5%): 100% of
pre-knowers, 88.9% of one-knowers, 68.0% of two-knowers, 52.9%
of three-knowers, and 53.8% of four-knowers produced at least
one gesture–speech mismatch. In contrast, only 4.9% of
CP-knowers ever mismatched on set sizes 1–4. Mismatches could
occur on both the WOC-Gesture and WOC-Speech tasks, although
the majority of mismatches occurred on the WOC-Speech task
(M = 74.4%, SD = 38.3%, N = 54). We aggregated children’s production of gesture–speech mismatches across the WOC-Speech and
WOC-Gesture tasks in all subsequent analyses.
Subset-knowers’ accuracy in the gestural and spoken components of mismatches is displayed in Fig. 3 (only participants who

Accuracy during gesture-speech mismatches
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Fig. 3. Subset-knowers’ accuracy in gesture versus speech during simultaneous
gesture–speech mismatches. Statistical tests are based on comparison of accuracy
in gesture versus speech when the child was accurate in either gesture or speech.
⁄⁄⁄
p < .001.

mismatched at least once on a given set size are represented in
each bar). Since accuracy in gesture and speech were not independent, we could not compare them using paired-samples tests.
Instead, we calculated the percent of mismatches that were accurate in gesture out of all mismatches that were accurate in either
gesture or speech. We then compared this percentage to chance
(50%) for each set size using one-sample t-tests and
non-parametric binomial tests. (Note that mismatches that were
not correct in either gesture or speech were excluded from these
comparisons; they accounted for 17% of mismatches on set size
1, 6% of mismatches on set size 2, 19% of mismatches on set size
3, and 55% of mismatches on set size 4.) We used a Bonferroni correction for 4 comparisons, with p < .0125 considered statistically
signiﬁcant. Of all mismatches on the set size 1 that were accurate
in either gesture or speech, 80.0% (SD = 44.7%, N = 5) were accurate
in gesture (and not speech); however, this did not signiﬁcantly differ from chance (t-test: p = 0.21; binomial test: p = 0.38). Of all mismatches on the set size 2 that were accurate in either gesture or
speech, 95.7% (SD = 20.9%, N = 23) were accurate in gesture (and
not speech), signiﬁcantly above chance (t(22) = 10.5, p < .001,
d = 2.19; binomial test: p < .001). For the set size 3, 80.0%
(SD = 38.5%, N = 30) of mismatches that were accurate in gesture
or speech were accurate in gesture (and not speech), signiﬁcantly
above chance (t(29) = 4.27, p < .001, d = .78; binomial test:
p < .01). For the set size 4, 75.0% (SD = 44.7%, N = 16) of mismatches
that were accurate in gesture or speech were accurate in gesture
(and not speech), however, this difference was not statistically
above chance after the Bonferroni correction (t(15) = 2.24, p = .04,
d = .56; binomial test: p = .08).
As noted earlier, the majority of mismatches (79%) occurred on
set sizes above a child’s knower-level; only 15% of mismatches
occurred at a child’s knower-level and 5% occurred on set sizes
below a child’s knower-level. Given the small number of mismatches at or below a child’s knower-level, we did not do separate
analyses of mismatches above, at, and below children’s
knower-levels.
3.3. Large numbers (5–10)
3.3.1. Approximation on gesture versus speech tasks
We next examined children’s responses to larger set sizes (5–
10) on the WOC-Speech and WOC-Gesture tasks, considered separately. Since our hypotheses for the larger set sizes involved
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children’s approximation ability, we restricted our analyses to
subset-knowers, who rarely count to reach an exact answer on
WOC tasks (Le Corre, Van de Walle, Brannon, & Carey, 2006);
CP-knowers typically count to determine the exact answer for larger set sizes, thus preventing the WOC tasks from measuring
approximation ability (e.g., Le Corre et al., 2006). (See Appendix
Figs. A1–A3 for accuracies, average responses, and histograms of
response data for all knower-levels and set sizes.) In all analyses,
speech responses greater than ‘‘30’’ were excluded from our analyses as has been done in prior studies (Le Corre & Carey, 2007).
Gesture responses were never greater than 10. Three
subset-knowers were excluded from these analyses because they
did not have at least one valid response on each set size for each
task, leaving 70 subset-knowers for analysis.
We examined children’s responses in two ways. First, we measured the regression slope relating the set size requested to children’s average response on each set size. This value served as a
measure of whether children’s responses (in speech or gesture)
were numerically greater when shown larger sets of objects.
Second, to measure how far children’s answers were from the correct response, we examined children’s Percent Absolute Error (PAE)
for
each
set
size
requested,
where PAE = |Response
 Target|/Target. Since we did not expect children to respond
exactly, we did not analyze accuracy data for these set sizes (see
Appendix Fig. A1 for accuracy data).
Subset-knowers’ average responses on the WOC-Speech and
WOC-Gesture tasks are displayed in Fig. 4, Panel A. On the
WOC-Speech task, subset-knowers’ average responses to set sizes
6 (M = 5.15, SD = 2.09) and 9 (M = 5.09, SD = 2.65) did not signiﬁcantly differ (t(69) = 0.30, p = .76; sign test: Z = 0.39, p = .70). In
contrast, on the WOC-Gesture task, subset-knowers’ average
responses to set sizes 5 (M = 4.59, SD = 1.72) and 10 (M = 6.67,
SD = 2.34) were signiﬁcantly different (t(69) = 8.42, p < .001,
d = 1.0; sign test: Z = 6.88, p < .001). Subset-knowers’ slopes from
5 to 10 on the WOC-Gesture task (M = 0.42, SD = 0.41) were significantly higher than their slopes from 6 to 9 on the WOC-Speech
task (M = 0.02, SD = 0.59) (t(69) = 5.38, p < .001, d = 0.64; sign
test: Z = 4.64, p < .001). Note that although the distance between
the numbers on the Gesture task (5 and 10) is larger than the distance between the numbers on the Speech task (6 and 9), our slope
measure adjusts for this difference. Children’s slopes on the
WOC-Gesture task were signiﬁcantly correlated with their
knower-levels, r(68) = .24, p < .05, but their slopes on the
WOC-Speech task were not, r(68) = .11, p = .37. However, we interpret the correlation between knower-levels and WOC-Gesture
slopes with caution as this correlation was not robust to alternative analyses (see Footnotes 1 and 2: the correlation was not significant when analyzing only children with complete knower-levels
or when examining only children who completed the
WOC-Speech task immediately after WOC-Gesture task).
Children’s slopes on the WOC-Speech and WOC-Gesture task also
were not signiﬁcantly correlated with each other, r(68) = .12,
p = .33.
In order to compare children’s ability to approximate across
tasks more directly, we calculated the PAE for each set size. Since
the PAE is proportional to the target set size, we were able to
directly compare responses to medium (5 or 6) and large (9 or
10) responses even though we used different target set sizes in
the WOC-Speech (6 and 9) and WOC-Gesture (5 and 10) tasks. A
2 (task: WOC-Speech, WOC-Gesture)  2 (set size: medium [5 or
6], large [9 or 10]) ANOVA revealed a signiﬁcant main effect of task,
F(1, 69) = 9.70, p < 0.01, g2p = .12, a signiﬁcant main effect of set size,
F(1, 69) = 4.47, p < 0.05, g2p = .06, and a signiﬁcant task  set size
interaction, F(1, 69) = 7.26, p < 0.01, g2p = .10. For the large set sizes
(9 and 10), subset-knowers’ PAE was signiﬁcantly higher on the
WOC-Speech task (M = 48.4%, SD = 21.4%) than on the
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Fig. 4. Subset-knowers’ average responses to large set sizes (5–10) on the WOCGesture task and on the WOC-Speech task (Panel A) and on the gesture and speech
components of the gesture–speech mismatches children produced on both tasks
(Panel B). (In Panel B, average responses for each child included only those trials on
which the child produced gesture–speech mismatches. Children mismatched most
during the WOC-Speech task (trials 6 and 9), and so did not mismatch on equal
numbers of trials of 5, 6, 9, and 10. Therefore, in order to compare the graphed data
to accurate responding, we calculated the mean response per child if children had
responded perfectly accurately on the trials on which they mismatched. If response
accuracy had been perfect on these trials, the mean response to trials of 5 and 6
would have been 5.7 (i.e., there were more mismatches on 6 than 5), and the mean
response to trials of 9 and 10 would have been 9.2 (i.e., there were more
mismatches on 9 than 10).)

WOC-Gesture task (M = 33.3%, SD = 23.4%) (t(69) = 4.44, p < 0.001,
d = 0.53; sign test: Z = 3.13, p < .01). In contrast, for the medium
set sizes (5 and 6), subset-knowers’ PAE did not signiﬁcantly differ
for the WOC-Speech task (M = 36.4%, SD = 26.1%) versus the
WOC-Gesture task (M = 34.2%, SD = 22.8%) (t(69) = .55, p = 0.59;
sign test: Z = 0.36, p = 0.72). In other words, subset-knowers’
responses were farther from the target when they were asked to
label a large set size (9 or 10) with a number word than with a
number gesture. In contrast, their responses were closer to the target when asked to label a medium set size (5 or 6) with either a
number word or gesture.
3.3.2. Gesture–speech mismatches within a response
For the reasons outlined earlier, we also examined children’s
responses in the gestural and spoken components of a mismatch.
For the set sizes 5–10, 77.1% of subset-knowers produced at least
one gesture–speech combination (whether a match or mismatch),
and the average number of gesture–speech combinations per child

was 3.6 (SD = 3.1, out of 12 trials). Among subset-knowers, 63.9%
(SD = 39.1%, N = 54) of all gesture–speech combinations on set
sizes 5–10 were mismatches. Forty-three subjects (61% of
subset-knowers) produced at least one gesture–speech mismatch
on the set sizes 5–10, with 88.9% of pre-knowers, 50.0% of
one-knowers, 60.9% of two-knowers, 47.1% of three-knowers, and
69.2% of four-knowers producing at least one gesture–speech mismatch. As in the smaller numbers, the majority of mismatches on
set sizes 5–10 occurred on the WOC-Speech task (M = 76.0%,
SD = 35.8%, N = 43). We combined gesture–speech mismatches on
both tasks in the subsequent analyses.
We ﬁrst examined gesture and speech responses to set sizes 5–
10 among the 34 subset-knowers who produced at least one gesture–speech mismatch for both a medium number (5 or 6) and a
large number (9 or 10) (Fig. 4, Panel B). On these mismatches,
the slope of children’s responses was signiﬁcantly higher in gesture
(M = 0.35, SD = 0.77) than in speech (M = 0.09, SD = 0.72)
(t(33) = 2.22, p < .05, d = 0.38; sign test: Z = 2.37, p < .05). The
slope in gesture (but not in speech) was positive, reﬂecting the fact
that gesture responses were larger to the large set sizes (9 or 10)
than to the medium set sizes (5 or 6).
We also examined whether subset-knowers showed more error
(as measured by PAE) during mismatches in their speech responses
or in their gesture responses for each set size. A 2 (response modality: gesture vs. speech)  2 (set size: medium [5 or 6], large [9 or
10]) ANOVA revealed a signiﬁcant main effect of response modality, F(1, 33) = 5.10, p < .05, g2p = .13, a signiﬁcant main effect of set
size, F(1, 33) = 6.30, p < .05, g2p = .16, and no signiﬁcant response
modality  set size interaction, F(1, 33) = 1.45, p = .24, g2p = .04.
Although the modality  set size interaction did not reach signiﬁcance, perhaps due to the relatively small number of children
who produced mismatches for these numbers, we examined
whether the pattern of results was in the same direction as when
we analyzed all responses on the WOC-Speech and WOC-Gesture
tasks. Paralleling the results based on all responses, children’s
responses during mismatches showed that, for the large set sizes
(9 or 10), children’s PAE was signiﬁcantly greater in speech
(M = 52.4%, SD = 21.3%) than in gesture (M = 37.6%, SD = 17.5%)
(t(33) = 3.37, p < .01, d = 0.58; sign test: Z = 3.26, p = .001),
whereas for the medium set sizes (5 or 6), children’s PAE did not
signiﬁcantly differ in speech (M = 39.3%, SD = 31.5%) versus gesture
(M = 33.8%, SD = 20.5%) (t(33) = 0.76, p = .45; sign test: Z = 1.04,
p = 0.30).

4. Discussion
As predicted, we found that subset-knowers were better at
labeling both small and large set sizes using number gestures than
number words. When shown 2 or 3 objects, subset-knowers were
signiﬁcantly more accurate when giving a gesture response than a
speech response. Moreover, this difference was strongest among
children who had not yet learned the number words for those
set sizes (i.e., the numbers were above their knower-level). For
these children, accuracy in gesture was more than twice as high
as accuracy in speech. This striking pattern of results shows that,
before children learn the cardinal meanings of the number words
‘‘two’’ and ‘‘three’’, they are able to access non-verbal representations of those set sizes and communicate about them using gesture. Thus, subset-knowers are limited not by their inability to
conceptualize or communicate about these set sizes, but by their
inability to map number words onto these numerical concepts.
Interestingly, we did not ﬁnd a difference between
subset-knowers’ performance in speech and gesture for set sizes
1 or 4. For set size 1, only pre-knowers (who had not yet mastered
the word ‘‘one’’) were expected to show a difference. For the 9
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pre-knowers in our sample, responses to set size 1 were, in
fact, more accurate in gesture (85%) than in speech (67%).
Although this difference was not statistically signiﬁcant, the
direction of the difference was the same as for set sizes 2 and 3,
suggesting that the lack of a signiﬁcant effect may have been due
to low power.
For set size 4, in contrast, subset-knowers performed poorly in
both gesture and speech, with no signiﬁcant difference in accuracy
between the two tasks. Subset-knowers’ low gesture accuracy for
set size 4 (28%) compared to set size 3 (70%) suggests that children
were not using a simple one-to-one matching strategy (i.e., matching one ﬁnger to each item) to complete the task. If they had used
such a strategy, one would expect them to be similarly successful
in representing set sizes 3 and 4 in gesture, since there is no theoretical upper limit to one-to-one matching, and the gestures for 3
and 4 are similarly easy to produce (if anything, 3 is physically
more difﬁcult to gesture than 4). However, our data showed a
sharp drop-off in gesture accuracy for the set size 4 versus 3, and
subset-knowers in our sample were slightly (but not signiﬁcantly)
more accurate in speech over gesture for sets of 4 objects.
Importantly, 4 was not only the set size at which
subset-knowers’ performance dropped off in both gesture and
speech, but it was also the set size at which CP-knowers showed
a signiﬁcant speech advantage over gesture. This pattern suggests
that 4 may be a critical value – accurately representing quantities
4 and greater may require the ability to produce summary symbols
for sets. We argue that CP-knowers’ speech advantage on sets of 4
items reﬂects the relative ease of producing summary symbols in
speech, which children are likely to use more often than gesture
to represent cardinal number. In contrast, subset-knowers’ poor
performance on set size 4 reﬂects their inability to create a
summary symbol for exactly 4 items in either speech or gesture,
as well as the failure of the parallel-individuation system to encode
an item-based representation (i.e., ‘‘one-one-one-one’’). These
ﬁndings are consistent with previous work showing that the
parallel-individuation system cannot represent set sizes above 3
(e.g., Feigenson & Carey, 2003, 2005). Note also that subsetknowers show the same pattern of gesture accuracy in representing set size as homesigners (Spaepen et al., 2011) – they produce
correct number gestures for sets of 1–3 but not for sets of 4 or
more. Homesigners’ number gestures have been shown to function
in working memory as item-based representations rather than
summary symbols (Spaepen et al., 2013). We suggest that
subset-knowers may also recruit the parallel-individuation system
to create item-based gestural representations of small sets (1–3),
without having a summary symbol for these sets.
Subset-knowers’ ability to label larger set sizes (5–10) approximately was also better in gesture than in speech. We measured
subset-knowers’ approximation ability, rather than accuracy, since
we did not expect children who had not yet learned the cardinal
principle to label large set sizes exactly. Subset-knowers used larger number gestures in response to 9 or 10 objects than in
response to 5 or 6 objects, but did not distinguish these set sizes
using number words. Subset-knowers’ failure to distinguish these
set sizes in the verbal modality is consistent with previous work
(Gunderson et al., 2015; Le Corre & Carey, 2007; Odic, Le Corre, &
Halberda, 2015). Researchers have argued that subset-knowers
have difﬁculty producing large enough number words to label
these large set sizes (Gunderson et al., 2015; Wagner & Johnson,
2011). The present study provides corroborating evidence for this
position by showing that, when allowed to use gestures (where
the set size 10 is readily available simply by showing both hands),
children were able to produce larger values for larger set sizes even
though they could not do so in speech.
We note several limitations to the present study. First, it is possible that children’s success in responding with number gestures
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was attributable not only to the affordances of the gesture modality per se, but also to the fact that the experimenter modeled
appropriate use of number gestures for each set size while introducing the gesture task; recall that the experimenter only modeled
the word ‘‘one’’ while introducing the speech task. We included
experimenter modeling in the gesture task because we anticipated
that some children would be unfamiliar with using number
gestures to represent set sizes, and we wanted to ensure that all
children understood the task. We did not expect such brief
modeling (one example per set size) to affect children’s ability to
respond to the task, given that attempts to increase children’s
knower levels that involved more structured input than ours have
yielded only modest improvements (e.g., Huang, Spelke, &
Snedeker, 2010). In addition, the fact that children did not show
a gesture advantage for set size 4 indicates that modeling does
not fully explain our results, since the experimenter modeled all
set sizes. However, it is possible that modeling may have helped
children on some items, for example, their large-number approximation in gesture. An important direction for future research will
be to assess the effects of experimenter modeling by examining
children’s performance with and without modeling in both gesture
and speech tasks.
Second, it is possible that children succeeded in gesture in part
because they have more prior experience using number gestures in
a cardinal context than in a counting context, whereas they have
more prior experience using number words in a counting context
than in a cardinal context (Levine, Suriyakham, Rowe,
Huttenlocher, & Gunderson, 2010; Suriyakham, 2007). If so, children’s experience using number words to count may have interfered with their ability to use number words as summary
symbols, that is, as cardinal number words. However, it is important to note that greater use of counting on the WOC-Speech task
is typically associated with better, not worse, performance in labeling the cardinal value (e.g., Le Corre et al., 2006).
Our results – an advantage of gesture over speech for both small
and large set sizes – appear, on the surface, to contradict a previous
study by Nicoladis et al. (2010), which used similar methods.
However, we believe that this apparent contradiction can be
explained by important differences between the two studies.
Speciﬁcally, we hypothesized that children would express their
knowledge better in gesture than in speech only in those circumstances where they had not yet acquired a stable verbal representation of the numerical quantity in question. If children already
knew the number word for a given set size, or if they already knew
the cardinal principle (and thus were able to accurately label all set
sizes in their count list), then we expected them to use their
highly-practiced verbal labels during both the gesture and speech
tasks; performance in gesture would then be (at best) the same
as speech, and potentially worse than speech because it is less
well-practiced.
Based on these predictions, we categorized children by their
level of verbal number knowledge and focused our analyses on
children who had not yet learned the cardinal principle In contrast,
Nicoladis et al. (2010) categorized children based on age rather
than verbal number knowledge. Indeed, our results showed that
cardinal-principle knowers, who already had stable verbal representations of the numbers 1–4, did not show an advantage for gesture over speech, and actually showed an advantage for speech
over gesture for set size 4. The high levels of accuracy overall in
children in the Nicoladis et al. (2010) study suggest that most participants in their sample were cardinal-principle-knowers, which
may explain their ﬁnding a speech advantage over gesture. In contrast, in our data, subset-knowers showed a strong advantage for
gesture over speech for set sizes 2 and 3 (and a non-signiﬁcant gesture advantage in the same direction for set size 1), especially
when those sets were above their knower-level.
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A second major difference between the present study and the
study by Nicoladis et al. (2010) is that we measured
subset-knowers’ responses to large set sizes (5–10) in terms of
approximate values rather than exactly accurate values, since
these children are unable to use counting to report set sizes above
4 accurately (e.g., Le Corre et al., 2006). We examined slope of
responses and percent error, and found that subset-knowers were
better able to express the approximate value of large set sizes with
gesture than with speech. We excluded CP-knowers from the analysis of large numbers since our tasks were untimed and therefore
could not be considered approximation tasks for children who typically use counting to determine set size. Large-number approximation ability does, however, continue to develop among at least
some CP-knowers (e.g., Le Corre & Carey, 2007), suggesting that
examining CP-knowers’ gesture and speech approximation using
tasks that prevent counting may be a productive direction for
future research.
Finally, we purposely did not test set sizes 6, 7, 8, and 9 because
they are especially difﬁcult for children to produce in gesture as
they require coordinating two different handshapes simultaneously. A large part of the speech advantage found by Nicoladis
et al. (2010) was driven by children’s responses to 6, 7, 8, and 9,
which may be attributable to manual coordination problems rather
than conceptual difﬁculties with gesture.
Importantly, children’s better performance in gesture than in
speech was apparent not only when examining separate gestureand speech-eliciting tasks, but also when examining instances in
which children produced different numbers in gesture and speech
within the same response, referred to as gesture–speech mismatches. These mismatches were quite frequent among
subset-knowers, 69% of whom produced at least one mismatch
for set sizes 1–4, and 61% of whom produced at least one mismatch
for set sizes 5–10. Further, children’s response patterns during gesture–speech mismatches paralleled their overall responses such
that gestures were more accurate (or closer to correct, in the case
of large numbers) than speech. This result reduces the possibility
that differences in children’s performance on the gesture and
speech tasks can be attributed to task demands, strategy use, fatigue, or to differences in the large-number set sizes presented in
each task (speech: 6 and 9 versus gesture: 5 and 10), since the
same pattern of results was found when gesture and speech were
produced within a single response.
The ﬁnding that children frequently produced gesture–speech
mismatches, and that their gestures were better than their speech
in representing set sizes on these mismatches, raises several exciting new research questions. Previous work indicates that producing gesture–speech mismatches when talking about a concept
reﬂects readiness to learn that concept (Alibali &
Goldin-Meadow, 1993; Church & Goldin-Meadow, 1986;
Goldin-Meadow, 2003b; Perry et al., 1988). The gesture–speech
mismatches we observed may be an index of important individual
differences between children as they progress through the developmental trajectory of number word learning. For example, there
may be critical developmental stages that occur between
knower-levels, where children who produce gesture–speech mismatches on numbers above their knower-level may be on the
verge of learning the cardinal meanings of these higher number
words. These children may be especially susceptible to instruction,
a prediction that can be tested in future research.
The present study also raises a more general question about the
role of gesture in children’s numerical representations: do number
gestures facilitate number word learning? One way that gestures
could promote number word learning is by shaping the input children receive from others around them, input that is crucial for
developing verbal number knowledge (Gunderson & Levine,

2011; Levine et al., 2010). That is, children’s own number gestures
may prompt adults (such as parents or teachers) to provide the
number word (i.e., a summary symbol) that corresponds to the
child’s gesture (see Goldin-Meadow, Goodrich, Sauer, & Iverson,
2007, who ﬁnd this tailoring of input in parent–child interactions
with respect to non-number words and sentences). This
tailor-made input may be especially powerful since it takes advantage of the child’s attention to the set size in question, expressed
through his or her own gesture, and aligns it with the verbal label
(a summary symbol) for that set size.
Children’s cardinal number gestures may also play a more
direct role in facilitating their number word learning by serving
as a bridge between the item-based representations of the
parallel-individuation system (for small sets) or the
magnitude-based representations of the ANS (for large sets), and
the arbitrary summary symbols of the adult verbal number system
(i.e., number words). Given that preschool-aged children are able
to match dissimilar objects based on set size (Huttenlocher et al.,
1994; Mix, 2008), ﬁngers may serve, at least initially, as simply
another set of objects (e.g., ‘‘ﬁnger, ﬁnger, ﬁnger’’) rather than as
summary symbols for sets (e.g., ‘‘three’’). Unlike objects, however,
cardinal number gestures are a form of communication, and producing cardinal number gestures may give children practice at
explicitly accessing their mental representations of set size (via
the parallel-individuation system or the ANS) in a communicative
context. This practice may help them to access these mental
representations in the context of number word learning as well.
Another possibility is that children initially view their cardinal
number gestures as sets of objects (‘‘ﬁnger, ﬁnger ﬁnger’’), but that
the physical connection between the ﬁngers (i.e., for small
numbers, all ﬁngers are connected to one hand) helps children
view these ﬁngers as a set, scaffolding children toward a
summary-symbol understanding of a given set size. Viewing cardinal number gestures as summary symbols may, in turn, improve
acquisition of number words. A third possibility is that children
may initially map sets of objects to number gestures, taking
advantage of their shared item-based nature to master the ﬁrst
step in number learning, and then gradually map number gestures
to number words, taking advantage of their shared representational and communicative properties to eventually learn the
cardinal principle.
Alternatively, children may learn number gestures as arbitrary
summary symbols even before they learn the cardinal principle;
in this case, the gesture advantage we have found would not be
attributable to the fact that number gestures can be item-based.
In future work, we could examine young hearing children’s
ability to use number gestures as summary symbols versus
item-based representations by asking them to complete a number gesture recall task similar to the memory span test used with
homesigners (Spaepen et al., 2013). Another potentially fruitful
direction would be to compare children’s ability to represent
set size by producing number gestures versus matching a set of
objects to a target set (e.g., pennies), and then examine which
of these abilities (number gesture or object matching) better
predicts later number word knowledge. These studies would help
determine the point in development when number gestures
become summary symbols, and whether those gestural
summary symbols play a unique role in children’s number word
learning.
In summary, the present work shows that children can
represent and communicate about number in gesture in ways
that are not revealed in their use of number words, particularly
for numbers that they have not yet learned in speech. Gesture
represents an under-utilized window onto children’s numerical
representations and holds the potential to improve our
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understanding of the typical trajectory preschoolers follow in
their numerical development, as well as individual differences
in that trajectory.
In addition to these theoretical implications, our ﬁndings have
potential practical implications for parents and teachers. Asking
children to gesture about particular numbers may facilitate the
frequency of the instructional input they receive about those
numbers (cf. Broaders et al., 2007; LeBarton, Goldin-Meadow, &
Raudenbush, 2015). Moreover, observing these number gestures
may help educators understand a child’s numerical knowledge at
a ﬁner-grained level and thus enable them to provide the child
with number-word input that is appropriate to their level of
understanding. Future research is needed to determine whether
number gestures signal a readiness-to-learn and, if so, how
adults can best capitalize on this ﬁner-grained view of children’s
number understanding. Using the knowledge provided by the
child’s number gesture as well as their number words has the
potential to improve numeracy instruction and learning for all
children.
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Appendix A
See Figs. A1–A3.

Fig. A1. Accuracy on WOC-Gesture and WOC-Speech, by knower-level and set size. ⁄p < .05,

⁄⁄

p < .01,

⁄⁄⁄

p < .001.
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Fig. A2. Average response on WOC-Gesture and WOC-Speech, by knower-level and set size.
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Fig. A3. Histogram of responses on WOC-Gesture (left) and WOC-Speech (right), by knower-level and set size.
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