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Abstract

When enumerating small sets of elements nonverbally, human infants often show a set-size limitation whereby they are unable to
represent sets larger than three elements. This finding has been interpreted as evidence that infants spontaneously represent small
numbers with an object-file system instead of an analog magnitude system (Feigenson, Dehaene & Spelke, 2004). In contrast,
non-human animals and adult humans have been shown to rely on analog magnitudes for representing both small and large
numbers (Brannon & Terrace, 1998; Cantlon & Brannon, 2007; Cordes, Gelman, Gallistel & Whalen, 2001). Here we
demonstrate that, like adults and non-human animals, children as young as 3 years of age spontaneously employ analog
magnitude representations to enumerate both small and large sets. Moreover, we show that children spontaneously attend to
numerical value in lieu of cumulative surface area. These findings provide evidence of young children’s greater sensitivity to
number relative to other quantities and demonstrate continuity in the process they spontaneously recruit to judge small and large
values.

Introduction

A puzzling phenomenon in developmental studies of
numerical cognition is that infants discriminate large
numerosities (i.e. ‡ 4) that differ by at least a 1:2 ratio
when cumulative surface area, element size, or cumulative
perimeter are not available as cues (e.g. Brannon, Abbott
& Lutz, 2004; Cordes & Brannon, 2008a; Lipton &
Spelke, 2003; Xu, 2003; Xu & Spelke, 2000; Xu, Spelke &
Goddard, 2005) but they fail to discriminate small
numerosities (i.e. < 4) under similar conditions (e.g.
Clearfield & Mix, 1999; Feigenson, Carey & Spelke,
2002b; Lipton & Spelke, 2004; Wood & Spelke, 2005; Xu,
2003; Xu, Spelke & Goddard, 2005; but see Feigenson,
2005; Feigenson & Carey, 2003; Jordan & Brannon, 2006;
Cordes & Brannon, 2009). Further, there is evidence that
infants’ quantitative representations of small sets are
incompatible with their representations of large sets (e.g.
Feigenson, Carey & Hauser, 2002a; Feigenson et al.,
2002b; Feigenson & Carey, 2005; Lipton & Spelke, 2004;
Wood & Spelke, 2005; Xu, 2003; but see Wynn, Bloom &
Chiang, 2002; Cordes & Brannon, 2009, under revision).
These and other findings have led researchers to propose
that infants spontaneously represent small and large
numerical values in qualitatively different ways (e.g.
Feigenson, Dehaene & Spelke, 2004; but see Gelman &
Butterworth, 2005).

When presented with small sets of objects, infants
appear to employ an object-based attention mechanism

that is domain-general and represents individual objects
as discrete tokens in working memory (e.g. Leslie, Xu,
Tremoulet & Scholl, 1998; Uller, Carey, Huntley-Fenner
& Klatt, 1999; Trick & Pylyshyn, 1994). The main
signature of this system is that there is an upper limit to
the number of objects that can be represented, usually
around four. In addition, recent studies suggest that
feature information, such as surface area, can be bound
to the discrete mental tokens that represent individual
objects, thereby accounting for infants’ biases to attend
to cumulative surface area instead of number for small
sets (Feigenson et al., 2002a, 2002b). While this
representational format is not inherently quantitative, it
can be used to judge quantity through one-to-one
comparison of objects and object features, including
comparisons of cumulative surface area (Feigenson et al.,
2002b).

A second mechanism, the analog magnitude
mechanism, is thought to underlie infants’ numerical
representations of large sets (e.g. Dehaene, 1992;
Gallistel & Gelman, 1992, 2000). The behavioral
signatures of the analog system include the numerical
distance effect, in which the speed and accuracy of
judgment increase with the difference between numerical
values, and the numerical magnitude effect, wherein
speed and accuracy decrease with number (e.g. Moyer &
Landauer, 1967). The combination of the distance and
magnitude effects results in ratio-dependent
discrimination, or Weber’s law. Unlike discrimination
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of small sets, infants’ discrimination of large sets such as
8 vs. 12, 8 vs. 16, and 16 vs. 32 obeys Weber’s law:
6-month-old infants can discriminate 8 vs. 16 or 16 vs. 32
but not 8 vs. 12 (Lipton & Spelke, 2003; Xu & Spelke,
2000). This pattern of discrimination fits with the
characteristics of an analog numerical representation
mechanism which represents quantities as continuous,
noisy mental magnitudes that are scaled to the number of
items in a set (Gallistel & Gelman, 1992). The analog
magnitude mechanism differs from the object-file system
not only in its behavioral signatures, but also in that it is
a purely quantitative mechanism.

In contrast to findings from studies with human
infants, adults and non-human animals appear to
represent small and large numerical values within the
analog magnitude system. Cordes and colleagues (2001)
demonstrated that adults’ nonverbal estimates of
symbolic numbers can exhibit numerical magnitude
and distance effects within the small number range that
continue seamlessly into the large number range.
Similarly, non-human primates exhibit fluid numerical
distance and magnitude effects throughout the small and
large number ranges on nonverbal numerical comparison
tasks (Brannon & Terrace, 1998; Cantlon & Brannon,
2007). These studies provide evidence that adults and
non-human primates rely on a single, coherent analog
numerical continuum to judge numerical quantity. A
central issue for developmental psychologists concerns
the circumstances under which these two different
numerical representation systems (analog magnitude
and object file) are recruited by infants and children to
solve numerical problems.

Recent studies have increasingly emphasized the
importance of the object-file system in the initial
development of numerical concepts. For example, some
evidence suggests that young children spontaneously rely
on object-file representations rather than analog
magnitudes to acquire initial knowledge of the verbal
counting system (e.g. Le Corre & Carey, 2007). Although
several prior studies have demonstrated that young
children can use an analog magnitude mechanism
during nonverbal numerical processing (e.g. Barth, La
Mont, Lipton & Spelke, 2005; Brannon & Van de Walle,
2001; Gelman & Meck, 1983; Huntley-Fenner, 2001;
Huntley-Fenner & Cannon, 2000), all of these
studies simultaneously tested small and large
numerical values and some have argued that the
presence of large values may inhibit spontaneous
quantity representation via the object-file system (e.g.
Feigenson et al., 2002b). Further, these prior studies
either verbally or through their reward structure
instructed children to attend to number and ignore
non-numerical features. Thus it is unclear from
these prior studies of young children’s numerical
abilities whether they can spontaneously represent small
sets in an analog magnitude format, like adults and non-
human animals, or instead rely on an object-file format,
like human infants.

Finally, recent studies have suggested that number may
be less salient to developing humans than spatial
dimensions, such as cumulative surface area, for small
sets of objects. Some evidence suggests that infants fail to
successfully discriminate number for small sets when
non-numerical dimensions, such as cumulative surface
area, are controlled (Lipton & Spelke, 2004; Wood &
Spelke, 2005; Xu, 2003; but see Feigenson, 2005;
Feigenson & Carey, 2003; Cordes & Brannon, 2008a,
2009; Jordan & Brannon, 2006; Kobayashi, Hiraki &
Hasegawa, 2005) and, in other studies, infants and
preschool children have exhibited biases to attend to
spatial dimensions instead of number when presented
with small sets of objects (e.g. Clearfield & Mix, 1999,
2001; Feigenson et al., 2002b; Rousselle, Palmers & Noel,
2004; but see Cordes & Brannon, 2009; Suriyakham,
Ehrlich & Levine, submitted). These studies raise
questions regarding the timing of sensitivity to
numerical value versus spatial extent over development.

In this study, we ask (1) whether the analog magnitude
system operates over small and large values alike in
young children and (2) whether young children are
biased to attend to the numerical value or spatial extent
of a set of items. If the ability to represent the entire
range of numerical values as a coherent, unitary
continuum develops early and, if numerical value is a
cognitively primitive dimension over development, we
would expect children to spontaneously base their
decisions on numerical values and to represent these
values in an analog magnitude format.

We tested children with a matching task in which they
matched a sample stimulus to one of two choice stimuli.
On most trials, the cumulative surface area of the
elements was confounded with the numerical value of
the elements. However, children were occasionally
presented with trials in which number and surface area
were pitted against each other to determine which
dimension they would spontaneously use as a basis for
matching. Additionally, as described earlier, the analog
magnitude system predicts that performance should be
modulated by numerical ratio. In the first experiment, we
tested a group of children with only small numerical
values (< 5) to determine whether a numerical ratio effect
emerges in the small number range. In the second
experiment, we tested children with both small and large
numerical values at equal numerical ratios to determine
whether performance is comparable for small and large
numerical values at equal ratios.

Experiment 1

Method

Subjects

Participants were 15 3- to 4-year-old children (Mean
age = 3.5, SD = .33) and 12 4- to 5-year-olds (Mean
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age = 4.7, SD = .39). Seven children who failed to
complete at least 45 trials or failed to perform above
chance (50%) accuracy on Standard trials were excluded
from the sample. Although previous cognitive studies of
preschool children have reported similar drop-out rates
(e.g. Gershkoff-Stowe, Connell & Smith, 2006; Ristic,
Friesen & Kingstone, 2002), the somewhat high drop-out
rate for this study is likely due to the fact, described in
Task and procedure, that children were not explicitly
instructed on which dimension to base their decisions.
Instead, they were simply told to ‘match’ the stimuli. The
lack of explicit instructions, though potentially
frustrating to the children, allowed us to assess the
dimension to which children would spontaneously
attend.

Task and procedure

Children were tested on a delayed match-to-sample task
in which a sample stimulus was presented on a computer
screen. A response to the sample resulted in a 1-s delay
followed by the presentation of two test stimuli. The
child was then allowed to touch either choice stimulus.

On Standard trials (Figure 1a), one of the test stimuli
matched the sample in number and cumulative surface
area (match) and the second test stimulus differed from
the sample on both dimensions (non-match). The
differences in magnitude between the match and non-
match in terms of both number and surface area are
described in the Stimuli section. Correct responses were
rewarded with a sticker and computer-generated positive
visual and auditory feedback. Incorrect responses
resulted in computer-generated negative visual and
auditory feedback and no sticker. On Probe trials
(Figure 1b), one of the two test stimuli matched the

sample in number but not in cumulative surface area
(number match) and the second test stimulus matched in
cumulative surface area but not in number (cumulative
surface area match). On Probe trials, children were
rewarded with a sticker and positive visual and auditory
feedback regardless of which choice stimulus they
selected. Thus children were free to base their decisions
on either number or cumulative surface area.

Prior to testing, children were given a five-trial
demonstration of the task. The only instruction that
children were given about the objective of the task was to
look at the sample stimulus, to remember it, and then,
when presented with the two choice stimuli, to ‘Choose
the box that matches the one you just saw’. Thus children
were given no instruction as to which stimulus dimension
they should use to select a match.

Each test session began with ten Standard trials. Probe
trials were presented pseudo-randomly with the
constraint that at least two Standard trials separated
each Probe trial. Each child was tested on between 45
and 80 trials. Probe trials comprised approximately 30%
of the total trials in a session.

Stimuli

Element shape (square) and color (red) were constant
and element position was randomly varied across the
sample and choice stimuli on both Standard and Probe
trials. For both Standard and Probe trials, the numerical
values of the sample and choice stimuli consisted of all
pairwise combinations of the values 1 to 4 and the values
for cumulative surface area (in pixels) were all pairwise
combinations of 1200, 2400, 3600, 4800, 6000, and 7200,
presented with equal frequency. For numerical values, the
ratios tested ranged from 0.25 to 0.75 and for cumulative
surface area values, the ratios tested ranged from 0.17 to
0.83. This resulted in an equal average ratio between the
ranges of numerical and cumulative surface area values
(Means = 0.5). This set of values was used to define the
numerical and cumulative surface area relationships
among stimuli on the Standard and Probe trials. On
Standard trials, the match was identical to the sample in
terms of both the number and cumulative surface area of
the sets while the match and non-match differed in terms
of both the number and cumulative surface area of the
sets. In contrast, on Probe trials, the match and non-
match each were identical to the sample in one
dimension (either the number or cumulative surface
area of the set) and differed from the sample in the other
dimension.

Results and discussion

Overall, children in both age groups performed
significantly above chance during Standard trials when
number and cumulative surface area were confounded
(one-sample t-tests; 3–4 years: Mean = 80%, t(14) =
8.60, p < .0001; 4–5 years: Mean = 85%, t(11) = 9.93,

Sample Choices

Sample Choices

Standard trial

Probe trial

(a)

(b)

Figure 1 Illustration of stimuli used in the matching task. On
Standard trials (a), one of the choice stimuli matched the
sample exactly, in both number and cumulative surface area,
whereas the other choice stimulus did not match in either
number or cumulative surface area. On Probe trials (b), one
choice stimulus matched the sample in number, but not in
cumulative surface area, whereas the other choice stimulus
matched the sample in cumulative surface area, but not in
number.
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p < .0001). On Probe trials, when number and
cumulative surface area predicted different choices,
children in both age groups exhibited a strong bias to
select the numerical match over the cumulative surface
area match (one-sample t-tests; 3–4 years: Mean = 70%,
t(14) = 5.10, p < .001; 4–5 years: Mean = 77%, t(11) =
7.53, p < .0001).

Children responded rapidly on this matching task; the
average RT to make a choice between the two stimuli was
1.6 s (SE = .09) for 3-year-old children and 1.5 s
(SE = .09) for 4-year-old children. The rapid rate with
which children responded makes it unlikely that they
were verbally counting to match stimuli in this task
(Geary & Brown, 1991; Landauer, 1962).

To investigate the relationship between age and the
quantitative strategies that children relied on to perform
this task, we performed a 2 · 2 · 5 repeated measures
ANOVAforAge(3–4or4–5 years) · TrialType(Standard
or Probe) · Numerical Ratio (0.25, 0.33, 0.5, 0.67, 0.75)
with the dependent variable of response percentage.1

Response percentage refers to accuracy on Standard
trials since there is only one correct choice, whereas on
Probe trials it represents the probability of choosing either
the number match or the cumulative surface area match
since both choices are technically correct. This analysis
revealed significant main effects of Trial Type (F(1,
50) = 9.14, p < .005) and Numerical Ratio (F(4,
100) = 20.12, p < .0001) and an interaction between
Trial Type and Numerical Ratio (F(4, 200) = 4.78,
p < .01). No other main effects or interactions were
significant. Figure 2 shows children’s accuracy as a
function of numerical ratio for Standard (a) and Probe
trials (b) collapsed across the two age groups.

The main effect of Trial Type in the ANOVA was due
to children’s greater accuracy at choosing the correct
match during Standard trials, when number and
cumulative surface area were confounded (Mean =
82%) compared to the probability with which they
chose the numerical match on Probe trials, when
number and cumulative surface area predicted different
choices (Mean = 73%; Fisher’s LSD post-hoc tests:
p < .05). The main effect of Numerical Ratio was due
to a higher probability of choosing the numerical match
on numerical ratios of 0.25, 0.33, and 0.5 than ratios of
0.67 or 0.75 (Fisher’s LSD post-hoc tests; all ps < .05).
The interaction between Trial Type and Numerical Ratio
resulted from a greater effect of Numerical Ratio on
children’s performance during Probe trials than on
Standard trials. However, children exhibited a
significant numerical ratio effect within each of these
trial types (Simple regression; Standard trials: F(1,
133) = 7.66, p < .01; Probe trials: F(1, 133) = 30.91,
p < .001). The lack of an interaction between Age and

any of the remaining variables indicates that the same
patterns held across both age groups.

Finally, we investigated the effect of cumulative surface
area differences on children’s choices on Standard and
Probe trials. We conducted an ANOVA of Age, Trial
Type, and Cumulative Surface Area Ratio. The only
significant effect in this analysis was a main effect of Trial
Type (F(1, 36) = 5.60, p < .05) due to the fact that
children’s probability of selecting the correct match on
Standard trials (.81) was significantly greater than the
probability with which they selected the cumulative
surface area match on Probe trials (.30). Surprisingly,
we found no main effect of Cumulative Surface Area
Ratio on young children’s performance (F(6,
216) = 1.15, p = .34) and no interactions. The lack of a
main effect of Cumulative Surface Area Ratio and the
lack of an interaction between Trial Type and
Cumulative Surface Area Ratio indicate that the
difference in cumulative area between the two choices
had little effect on children’s decisions on Standard or
Probe trials.

Despite the fact that differences in cumulative surface
area values did not affect children’s performance, their
performance was not equivalent on Standard and Probe
trials. The significantly higher probability of choosing
the correct match on Standard trials (.81) compared to
the probability of choosing the number match on Probe
trials (.70) indicates that de-confounding number from
cumulative surface area did, in fact, negatively impact
children’s numerical judgments. Children were
significantly better at choosing the numerical match
when number and surface area were confounded on
Standard trials than when they were in conflict on Probe
trials. However, the ratio between the cumulative surface
area values of the choices did not modulate performance
and thus children’s judgments were not overtly affected
by relative differences in cumulative surface area. Note
that this was not because cumulative surface area was
more difficult to discriminate than numerical value; the
mean cumulative surface area ratio in this experiment
was 2:1 and was equated with the mean ratio for
numerical values. Furthermore, the range of cumulative
surface area values tested was comparable to the range
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Figure 2 Children’s performance on the Standard trials in
Experiment 1 as a function of numerical ratio (a) and the
probability with which children selected the numerical match
during Probe trials as a function of the numerical ratio (b).

1Analyses are based exclusively on response percentage since there is no
correct or incorrect choice on Probe trials, rendering response time
difficult to interpret.
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that can be discriminated by human infants (e.g.
Clearfield & Mix, 1999).

The lack of a significant ratio effect for cumulative
surface area suggests that children were not explicitly
comparing cumulative surface area values during their
matching decisions. Yet, relative differences between
cumulative surface area values may have implicitly
influenced children’s performance. One piece of
evidence that supports this claim is that there was a
marginally non-significant interaction between
Cumulative Surface Area Ratio and Trial Type wherein
children were less likely to select the cumulative surface
area match with increasing cumulative surface area ratio
only on Probe trials (F(6, 216) = 1.90, p = .08).
Additionally, the correlation between cumulative
surface area ratio and performance on Probe trials was
significant (r = 0.88, p < .01). Yet, despite evidence that
children processed the cumulative surface area values,
they never exhibited a bias to select the cumulative
surface area match at any ratio during Probe trials.

Experiment 2

In Experiment 1, we demonstrated that when tested with
a small range of numerical values, young children (1)
show ratio-dependent performance within the small
number range and (2) preferentially attend to the
numerical value of the stimuli rather than the
cumulative surface area of the elements in this
paradigm. In Experiment 2 we investigated whether
children’s performance in this small number range is
qualitatively similar to their performance in the large
number range. Using the same paradigm from
Experiment 1, we tested 3- to 4-year-old children with
both small and large numerical values at each of three
numerical ratios: 0.25, 0.5, and 0.67.

Method

Subjects

Participants were 11 3- to 4-year-old children (Mean
age = 3.43, SD = .3). Two children who failed to
complete at least 45 trials or failed to perform above
56% accuracy on Standard trials were excluded from the
sample.

Task and procedure

The task and procedure was identical to that of
Experiment 1.

Stimuli

Stimuli were constructed with the same parameters as
Experiment 1. However, in this experiment we tested
numerical values for the two choice stimuli at the

following numerical ratios: 0.25 (1 vs. 4, 2 vs. 8, 3 vs.
12), 0.5 (1 vs. 2, 2 vs. 4, 4 vs. 8, 6 vs. 12), 0.67 (2 vs. 3, 4 vs.
6), and 0.75 (9 vs. 12). Cumulative surface area values
were 1600, 2400, 4800, and 9600 pixels and were tested in
ratios of 0.17, 0.25, 0.33, 0.5, and 0.67.

Results and discussion

As in Experiment 1, 3- to 4-year-old children performed
significantly above chance on Standard trials (one-
sample t-tests vs. chance (50%); Mean = 77%, t(14) =
7.21, p < .0001). Also consistent with Experiment 1,
children were biased overall to select the numerical
match over the cumulative surface area match on Probe
trials, when number and cumulative surface area were in
conflict (one-sample t-tests vs. chance (50%); Mean =
58%, t(14) = 3.08, p < .05). Finally, the children in
Experiment 2 responded at a similarly rapid pace to
the children in Experiment 1: the average RT to make a
choice between the two stimuli was 1.7 s (SE = .3).

We conducted a 2 · 4 repeated measures ANOVA for
Trial Type (Standard or Probe) · Numerical Ratio (0.25,
0.5, 0.67, 0.75) with the dependent variable of response
percentage. This analysis yielded a main effect of Trial
Type (F(1, 20) = 22.75, p < .001), a main effect of
Numerical Ratio (F(3, 60) = 27.22, p < .0001), and an
interaction between Trial Type and Numerical Ratio
(F(3, 30) = 10.55, p < .0001). Fisher’s LSD post-hoc
tests on our main effects revealed that children’s
performance on Standard trials was significantly higher
than the percentage of Probe trials for which they
selected the numerical match (77% vs. 58%, p < .001).
Thus as in Experiment 1, children were more likely to
select a numerical match when number was confounded
with surface area than when number was pitted against
surface area. Both experiments indicate that redundant
quantitative information from number and surface area
improves quantity discrimination in children.

Also similar to Experiment 1, children were more
affected by Numerical Ratio during Probe trials than
Standard trials and there was again a significant effect of
Numerical Ratio for both trial types (Simple regression;
Standard trials: F(1, 108) = 4.76, p < .05; Probe trials:
F(1, 108) = 53.77, p < .0001). On Probe trials, children’s
bias to select the numerical match over the cumulative
surface area match decreased as numerical ratio
increased. In other words, children were less likely to
base their matching choices on number when the
numerical values were difficult to discriminate. Yet,
children rarely exhibited a bias to match based on
surface area instead of number, even at the most difficult
numerical ratios: of the 10 number pairs tested, children
exhibited a tendency to match based on cumulative
surface area only for one pair (pair 9 vs. 12; t(11) = 3.02,
p < .05). Children’s propensity to use numerical value
over surface area as the basis for matching given equal
relative differences along these two dimensions is thus
clearly established. However, children may base their
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decisions on cumulative surface area when numerical
values are too difficult to discriminate.

Next, we compared children’s performance on the
numerical pairs within each of the three ratios in which
both small and large numerical comparisons were tested:
0.25, 0.5, and 0.67. At a 0.25 ratio, children were tested
with the pairs 1 vs. 4, 2 vs. 8, and 3 vs. 12. There were no
significant differences in children’s performance among
these pairs (all ps > .09). The numerical pairs 1 vs. 2, 2
vs. 4, 4 vs. 8, and 6 vs. 12 were tested for the 0.5 ratio.
Children’s performance on the 1 vs. 2 pair was
significantly higher than the 4 vs. 8 and 6 vs. 12 pairs.
However, upon further investigation, we found that this
effect was driven entirely by 1 vs. 2 trials in which the
sample stimulus consisted of 1 element: children’s
performance on 1 vs. 2 trials in which the sample
stimulus consisted of 2 elements was not significantly
different from their performance on the 4 vs. 8 pair
(t(10) = 0.92, p = .38) or 6 vs. 12 pair (t(10) = 1.52,
p = .16). Thus children found it easier to remember a
sample when it contained 1 element as opposed to 2, 4, 6,
8, or 12 elements but, apart from this difference, they
performed similarly on small and large numerical pairs at
a 0.5 ratio. Lastly, there was no significant difference
between children’s performance on the numerical pairs 2
vs. 3 and 4 vs. 6 at the 0.67 ratio (t(10) = 1.49, p = .17).
Thus our general finding is that, consistent with the
properties of the analog magnitude system, children’s
performance is constant when numerical ratio is
constant. Figure 3 illustrates the results of Experiments
1 and 2 for each number pair, ranked from least difficult
to most difficult ratio.

Finally, we analyzed children’s performance as a
function of the cumulative surface area ratio between
the choice stimuli (Figure 4). An ANOVA of Trial Type
(Standard or Probe) · Cumulative Surface Area Ratio
revealed a main effect of Trial Type (F(1, 20) = 10.50,
p < .01), no main effect of Cumulative Surface Area
Ratio (F(3, 60) = 1,68, p = .18), and an interaction

between Trial Type and Cumulative Surface Area Ratio
(F(3, 60) = 3.73, p < .05). Children were significantly
biased to select the numerical match over the cumulative
surface area match at the two most difficult cumulative
surface area ratios (ratios 0.5 and 0.7; ps < .05) and
showed a non-significant trend toward a numerical bias
at the third finest ratio (ratio 0.4; p = .09). When the
difference in cumulative surface was values between the
two options it was relatively easy to detect (a .3 ratio in
cumulative surface area), children performed at chance
(ratio 0.3; p = .91). Thus, children never exhibited a
significant bias to select the cumulative surface area
match at any cumulative surface area ratio. Addionally,
children showed a decreasing impact of cumulative
surface area on their performance as cumulative
surface area discrimination increased in difficulty on
Probe trials (Figure 4b). These data are consistent with
studies of adults and young children showing
bidirectional interference among quantitative
dimensions such as number and cumulative surface
area in the sense that children represented the
numerical values of the stimuli, but the suppressed
dimension (cumulative surface area) interfered
(Hurewitz, Gelman & Schnitzer, 2006; Rousselle &
Noel, 2008).
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Figure 3 Children’s accuracy on Standard trials during Experiment 1 (open circles) and Experiment 2 (closed circles) for each
number pair ordered along the x-axis by numerical ratio (a). The percentage of Probe trials on which children selected the numerical
match for each number pair, ordered by ratio for Experiment 1 and Experiment 2 (b). Small number pairs (i.e. pairs with values 1 to 4)
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General discussion

The results of these two experiments suggest that by
3–4 years of age children are biased to attend to the
numerosity of an array rather than its cumulative surface
area and they spontaneously recruit an analog
magnitude system to represent the numerosity of small
and large numbers alike. We discuss the implications of
each of these two findings in turn.

In both experiments, children as young as 3 years of
age spontaneously represented the numerical value of
sets of objects, even though attending to number was not
necessary to successfully perform this task. Children
could have made successful matches and received
positive feedback by relying on the cumulative surface
area of the elements alone. The fact that children did not
spontaneously base their matching decisions on
cumulative surface area is striking given claims that the
representation of cumulative surface area is more
primary and develops earlier than the representation of
number (e.g. Clearfield & Mix, 1999; Newcombe, 2002;
Mix, Huttenlocher & Levine, 2002; Mix, Levine &
Huttenlocher, 1997; Rousselle et al., 2004). Yet, this is
not to say that children did not represent cumulative
surface area in our study.

Children exhibited clear interference effects from the
cumulative surface area dimension in their numerical
judgments. These interference effects are analogous to
those reported for adults and older children and
support the conclusion that representations of multiple
quantitative dimensions occur automatically (e.g.
Hurewitz et al., 2006; Rousselle & Noel, 2008). Our
study extends these findings by demonstrating that the
automaticity of cumulative surface area and numerical
representation develops by at least 3 years of age.
Moreover, at this young age, children’s explicit responses
can be spontaneously dominated by the numerical
dimension. The data also demonstrate that young
children base their decisions on cumulative surface area
when number is too difficult to discriminate. A similar
result was obtained by Gelman (1972) who found that
children spontaneously attend to number over length and
density in a conservation-like task.

The second main finding was that children’s
judgments of small sets were modulated by numerical
ratio to the same degree as large sets. The numerical ratio
effect is a hallmark of analog magnitude representations,
not of object-file representations (see Gallistel &
Gelman, 2000; Feigenson et al., 2004, for reviews).
Therefore, our results suggest that by 3 years of age,
children represent the numerical quantity of small sets
via an analog magnitude mechanism. Previous studies
with younger children have reported that children make
numerical judgments of small sets by invoking an object-
file mechanism (e.g. Feigenson et al., 2002a, 2002b;
Feigenson & Carey, 2005; Lipton & Spelke, 2004; Wood
& Spelke, 2005; Xu, 2003). Although infants and
children may simultaneously possess both an object-file

and an analog magnitude system for judging quantity,
our study suggests that unlike infants, 3-year-old
children spontaneously represent both small and large
values as analog magnitudes. Three-year-old children
therefore show continuity in their representations of
numerical values much like adults and non-human
animals.

Taken together, our findings from young children raise
the issue of why a cognitive change might occur between
infancy and early childhood in the cognitive mechanisms
underlying spontaneous numerical judgments. One possi-
bility is that as children learn language, particularly
numerical language, they are more likely to attend to
number as a relevant dimension of a stimulus (e.g.
Brannon & Van De Walle, 2001; Cantlon, Fink, Safford
& Brannon, 2007; Mix, 1999). Number differs from other
quantitative dimensions in that there are specific
linguistic terms that refer to each interval along a
numerical continuum; there is no linguistic parallel of
the numerical counting sequence for cumulative surface
area. Experience using the verbal counting system may
make number a more salient dimension for children and
result in the more widespread recruitment of the
inherently quantitative analog system that applies to all
the values in their counting range. In fact, children within
the age range tested in the current study are typically
familiar with the verbal counting sequence and some of
the counting principles that emerge from it (e.g. Gelman
& Gallistel, 1978; Le Corre & Carey, 2007; Wynn, 1992).
Counting experience may render nonverbal numerical
representations more robust.

A second possibility is that there is no cognitive change
between infancy and early childhood – recent work by
our lab has suggested that number is in fact much more
salient and discriminable to the young infant than
previously thought (Brannon et al., 2004; Cordes &
Brannon, 2008a, 2008b, 2009) and that young infants are
capable of comparing small and large numerical values
under some conditions, presumably by relying on analog
magnitude representations (Cordes & Brannon, 2008b).
Thus, it may be the case that children are biased to attend
to the numerical properties of a set throughout
development and to represent the entire range of
numerical values as analog magnitudes. Children’s use
of a single representational system for both small and
large quantities is consistent with studies demonstrating
that, when making quantity judgments, adults
spontaneously invoke a coherent analog magnitude
continuum rather than representing small values via an
object-file system (e.g. Cordes et al., 2001). These data
are also consistent with evidence that non-human
primates rely on analog magnitude representations for
small and large numbers alike (e.g. Brannon & Terrace,
1998; Cantlon & Brannon, 2006, 2007).

We recently conducted a study parallel to the current
study with non-human primates (who obviously lack
language) and found that they also spontaneously
recruited the analog system for small and large
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numbers and attended to number over cumulative
surface area (Cantlon & Brannon, 2007). Like children,
monkeys showed an overall bias to attend to number
over cumulative surface area and a numerical ratio effect
in both the small and large number ranges. Moreover, we
showed that a monkey who had never been trained to
represent numerical values was strongly biased to match
stimuli based on number over cumulative surface area
despite her complete lack of experience with numerical
judgments. Thus our previous data from non-human
primates parallel our current data from human children
and demonstrate that linguistic experience is not required
for spontaneous analog numerical representation in the
small number range. The observation of these parallel
behavioral signatures during quantity judgments by
young children and non-human primates reinforces our
overarching conclusion that number is cognitively
primitive and is psychologically represented by a single,
coherent numerical continuum.
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