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Abstract Basic quantitative abilities are thought to have an
innate basis in humans partly because the ability to discriminate quantities emerges early in child development. If humans
and nonhuman primates share this developmentally primitive
foundation of quantitative reasoning, then this ability should
be present early in development across species and should
emerge earlier in monkeys than in humans because monkeys
mature faster than humans. We report that monkeys spontaneously make accurate quantity choices by 1 year of age in a task
that human children begin to perform only at 2.5 to 3 years of
age. Additionally, we report that the quantitative sensitivity of
infant monkeys is equal to that of the adult animals in their
group and that rates of learning do not differ between infant
and adult animals. This novel evidence of precocious quantitative reasoning in infant monkeys suggests that human quantitative reasoning shares its early developing foundation with
other primates. The data further suggest that early developing
components of primate quantitative reasoning are constrained
by maturational factors related to genetic development as opposed to learning experience alone.
Keywords Numerosity . Numerical cognition . Animal
cognition . Cognitive development
Cognitive research with infant and juvenile monkeys is important for theories of human development because it can help
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to reveal the evolutionary foundation of human reasoning and
the role of genetic and maturational factors in cognitive development (Bjorklund & Pellegrini, 2002; Diamond, 1990, 1991;
Gómez, 2005; Rosati, Wobber, Hughes, & Santos, 2014).
Current theories of human mathematics development argue
that the ability to quantify sets of objects nonverbally is an
innate component of human cognition (Feigenson, Dehaene,
& Spelke, 2004; Gallistel, 1990; Gallistel & Gelman, 2000;
Gelman, 1972; Spelke, 2011). If the ability to quantify is part
of our evolutionary endowment, then that ability should be
present in our phylogenetic relatives (other primates). Substantial evidence has shown that this is the case (Beran,
2008; Brannon, 2005; Cantlon, 2012; Nieder & Dehaene,
2009). Many studies with a variety of different species have
shown that nonhuman primates can match stimuli, such as sets
of objects or visual arrays, based on quantity and can determine the larger or smaller of a selection of sets. An open
question, however, is whether quantitative reasoning develops
early in nonhuman primate development, as it does in humans.
Here we test whether experiment-naïve 1-year-old infant
monkeys spontaneously make quantitative judgments between sets of objects. If quantitative reasoning has an innate
basis in nonhuman primates, then it should emerge early in
development. In fact, if there is an innate basis of quantitative
reasoning, then monkeys should develop quantitative reasoning capabilities even earlier in development than human children because they mature faster than humans.
Although implicit measures of cognition, such as patterns
of looking, have revealed quantitative sensitivities in human
infants within the first year of life (Cordes & Brannon, 2008;
Izard, Sann, Spelke, & Streri, 2009; Xu & Spelke, 2000),
research that uses explicit judgment tasks indicates that human
children do not make reliable quantity judgments for sets larger than three items until 2.5 to 3 years of age (Brannon & Van
de Walle, 2001; Feigenson & Carey, 2003; Feigenson, Carey,
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& Hauser, 2002; Mix, Huttenlocher, & Levine, 2002; Sella,
Berteletti, Lucangeli, & Zorzi, 2015). This is a puzzling finding in child development because children are capable of perceiving, reaching, grasping, and making choices among objects well before this age, but, yet, they do not use those capabilities to make explicit judgments of quantities. It is currently unclear to what degree children’s failures to make quantitative judgments are explained by the pace of their genetic
maturation and/or inadequate learning experience (Gelman,
1972; Mehler & Bever, 1967; Mix, 2002).
Research with young monkeys could shed some light on this
issue. In the domain of physical growth and motor behavior,
monkeys mature much faster than humans. For example, human
infants begin to crawl when they are 9–10 months of age, whereas monkey infants can crawl within 1 month of birth (Hinde &
Spencer-Booth, 1967). Perceptual development in monkeys is
also accelerated compared to humans. Monkey infants develop
the ability to locate occluded objects by 4 months of age, which
is three times faster than human infants (Diamond, 1990, 1991;
Gómez, 2005). Thus, it appears that initial object-tracking abilities are yoked to the rate of physical development in primates.
Based on these prior data, we reasoned that quantitative development in primates might also be largely constrained by the
unfolding of genetically predetermined abilities, or maturation,
in which case monkey infants should engage in quantitative
judgments at an earlier point in development than human infants. We also measured the role of learning in infant monkey
quantity development by comparing the performance of infant
monkeys to that of adult animals from their group, as well as
rates of task learning between infant and adult animals. If learning plays a critical role in the spontaneous quantitative reasoning
of monkeys, then infants should perform worse than adults, and
learning rates should differ between age groups.

Method
Subjects
Eight experiment-naïve adult (adults: mean = 8 years, range
5–14 years), and two infant olive baboons (Papio anubis;
infants: mean = 18 months, range 17–18 months) participated
in the study. Baboons are infants until 1.5 to 2 years of age,
when they transition to being juveniles (http://www.princeton.
edu/~baboon/cradle_to_grave.html). The attributes that
distinguish infant baboons from juveniles is that they have
darker fur and more facial wrinkles than older animals, and
suckle and ride on their mothers (Altmann, Altmann,
Hausfater, & McCuskey, 1977). The subjects are described
as experiment naïve because they had never participated in
any quantity task prior to this experiment. All animals were
part of the same social group and were tested and housed at the
Seneca Park Zoo in Rochester, NY. Animals received primate

chow, fruits, and vegetables every morning, and water was
available ad libitum. All procedures were approved by the
Seneca Park Zoo Research Committee.
Apparatus
The apparatus consisted of a short rectangular table (75-cm
long × 35-cm deep × 17-cm high) that was a comfortable
height for a seated baboon. The front of the apparatus was
shielded Plexiglas and had three equally spaced ports for subjects to indicate their choice. Experimental manipulations
were conducted on a sliding panel (75-cm long × 17-cm deep)
that sat atop the table. When the sliding panel was pushed
forward, subjects could reach through a port in the Plexiglas
and indicate their choice. Three identical, opaque, cardstock
cylinders were placed on the sliding board in front of three
corresponding ports. Once items were dropped into the cylinders, the items were hidden from the subject. The items to be
enumerated were shelled half peanuts.
Procedure
Animals were presented with homogenous sets of food items
in a quantity choice task in order to keep the task as natural
and intuitive for the animals as possible – quantitative reasoning in humans and nonhuman animals involves complex interactions between numerical, spatial, and temporal representations, and animals most likely use a combination of these
cues to judge quantities in nature (Gallistel, 1990). A trial was
initiated when the subject was seated at and attentive to the
apparatus. Subjects were presented with two sets of food
items, ranging in quantity from 1 to 8 items. The sets were
presented simultaneously with one set of food items in the
palm of each hand and then placed into two opaque containers. Although there were always three cylinders on the
board, only two of these cylinders were baited with food on
each trial. The presence of the third cylinder allowed us to
monitor subjects’ understanding of the general task requirement that only baited cups should be chosen. Subjects almost
never selected the empty cylinder (<1 % of trials) indicating
that that understood and attended to the task.
After the cylinders had been baited with peanuts, the
panel was pushed forward and the subject was allowed to
choose one food cache by touching the port in front of it.
The experimenter fixed their gaze on the floor as the subject
made their choice. The subject was given the contents of the
chosen cache. Since the subjects were rewarded with some
quantity of food on every trial, they were nondifferentially
reinforced and thus were not conditioned to make accurate
quantity judgments. This feature of the design permitted us
to measure animals’ spontaneous quantitative sensitivity
over many trials. Sessions were recorded and coded for
accuracy offline. Individuals were tested between one and
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three times a week. This procedure was used throughout the
training and testing phases.
Training
In order to familiarize subjects with the testing procedure, we
initially exposed them to only a single numerical comparison
(1 vs. 2 for adult animals and 1 vs. 3 for infant animals).
Sessions consisted of 24–36 trials. Subjects were trained until
they chose the larger set at above chance levels within a single
session (adult threshold = 24/36 correct, infant threshold = 16/
24 correct). During this initial familiarization phase, which
was the first ever experiment in which subjects participated,
infants required an average of 90 trials to reach criterion, and
adults required an average of 55 trials. Trials were
counterbalanced for baiting locations. Progress through the
session was closely monitored. If a gap of 5 min occurred
between two trials due to subject inattention, the session was
terminated, and training resumed the next time the subject was
available. Terminated sessions were rare and excluded from
analyses. Once the subject passed the training criterion they
began the testing phase of the experiment.

variation in the quantitative values that were presented –
which would not be predicted under an associative cueing
account of their behavior. Third, experimenters obscured their
gaze upon presentation of the choice options to the subjects. In
addition to these experimental design features, we also conducted a separate cueing control condition with a subset of the
subjects to rule out the possibility that human cues were used
routinely by the animals during the task (N = 2 adults; see also
Barnard et al., 2013; Cantlon et al., 2015). On each trial, each
of two different experimenters baited one of the two cylinders.
The experimenters were blind to the quantity of food in the
other set and thus had no information about which cylinder
was correct. This eliminates the possibility of subconscious
cueing of the animals. Animals were initially tested on approximately 55 trials using a subset of the number pairs (1
vs. 2 and 2 vs. 9) and then were tested on 100 additional trials
over a broader range of values from 1 to 8. Items were baited
sequentially. This condition was tested after the main experiment over two to three sessions. If the animals used human
cues to solve the task in the main experiment, their performance should fall to chance when those cues were neutralized
in this control condition.

Testing

Results and discussion
Testing was conducted over multiple 30-min sessions. All
number pairs ranging from 1 to 8 items were tested. The beginning of each testing session consisted of 4–6 warm-up
trials using the training number pairs (1 vs. 2 for adults and
1 vs. 3 for infants). If the subject failed half of these first trials,
testing with that subject was terminated for the day. Terminated sessions due to poor performance were rare (8 %) and were
excluded from analyses. The order of the test trials was randomized within and between subjects. Also, as in training,
baiting locations were randomized. If a gap of 5 min occurred
between two trials due to subject inattention, the session was
stopped, and the remaining trials were resumed after a warmup during the next testing day.
Experimenter cueing control condition
Experimenter cueing is important to control because some
have argued that animals can use subconscious human cues
to solve cognitive tasks, as in the Clever Hans phenomenon
(e.g., Beran, 2012; Hediger, 1981). Several experimental design features make this an unlikely possibility in the current
experiment. First, animals were rewarded on every trial, regardless of whether or not they choose the larger set. Subjects
who could not discriminate the quantities of the two sets could
not learn to use associative cues under these conditions of
constant reinforcement. Second, as will become clear in the
Results section, we can conduct statistical analyses to determine whether the animals’ responses are accounted for by

Infant animals spontaneously chose the larger quantity on a
majority of the trials (Accuracy: 74 %, 156/210, p < .001).
We tested whether infants’ accuracy was modulated by the
quantitative values that they compared. The key behavioral
signature of nonverbal quantitative processing is the ratio
effect, wherein accuracy decreases as quantities become
larger and closer in value (i.e., as the ratio between quantities narrows; Gallistel & Gelman, 2000). This principle is
also known as Weber’s law of psychophysics. The ratio
effect is a signature of analog magnitude representation
wherein quantities are represented nonverbally as noisy approximations of their objective values as opposed to digital,
precise values, as is done with symbolic counting (Gallistel,
1990; Gallistel & Gelman, 2000; Feigenson et al., 2004).
Several prior studies have reported ratio effects in the quantity judgments of adult monkeys (e.g., Barnard et al., 2013;
Beran, 2007; Cantlon & Brannon, 2006; Cantlon et al.,
2015). We found that infant monkeys’ performance was
modulated by the ratio between the two caches. Accuracy
decreased as the ratio between quantities (smaller value/
larger value) increased (R = -0.71, p < .05). This finding
indicates that infant monkeys used analog quantitative reasoning to solve the task. This is evidence that nonverbal
quantitative reasoning emerges spontaneously and early in
nonhuman primate development, by at least 1 year of age.
Experiment-naïve adult animals from the same social
group as the infants were tested on the same quantity choice
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task (N = 8, mean age = 8 years). The adult monkeys performed significantly above chance across trials, and, like infants, their performance was modulated by the ratio between
the quantities of the choices (Accuracy: 73 %, 400/546, p <
.001; R = -0.88, p < .01). Monkeys also performed significantly above chance from the first session of the cueing control
condition where human experimenters were blind to the relative values of the two choice options (Mean Accuracy Overall:
78 %; Binomial tests on first session; Monkey 1: 19/24,
p<.01; Monkey 2: 17/24, p<.05). There was no decrease in
performance on the cueing control condition compared to the
main experiment (Main Experiment: 74 %, Control Condition: 78 %; X2 (1, N = 1,049) = 2.3849, p = .12). The significant effect of ratio on monkeys’ performance combined with
the lack of a decrement in performance on the control condition indicates that monkeys compared the quantities of the sets
rather than using an alternative strategy.
Next, we compared performance between infant and adult
monkeys to examine the role of experience in their spontaneous quantitative reasoning. For this analysis, we measured
monkeys’ Weber fractions, which is the proportion difference
between quantities that a subject requires to discriminate them
reliably (~75 % accuracy). We determined subjects’ Weber
fractions by finding the best fit between their accuracy on
the different quantity pairs that were tested and the predicted
accuracy of a model of Weber’s law that tested a range of
possible Weber fractions (Pica, Lemer, Izard, & Dehaene,
2004). A smaller Weber fraction (w) reflects better discrimination sensitivity, such that a w of 1 represents the ability to
discriminate sets with a 1:2 ratio and a w of .5 represents the
ability to discriminate sets with a 2:3 ratio. The results revealed that adults and infants had similar weber fractions of
around .7 (Adult w = .75, Infant w = .71; Goodness-of-fit
Adults: R2 = .76, p < .01, Infants: R2 = .50, p < .05). The
nearest whole number fraction that can be reliably discriminated at this Weber fraction is 3:5, which is a similar sensitivity to 3-year-old human children who are reported to perform
at slightly worse than a 2:3 ratio limit in comparable tasks with
similar measurement methods (3-year-old children: w = .53;
Halberda & Feigenson, 2008).
A statistical comparison of adult and infant accuracy and
Weber fractions revealed similar quantitative sensitivity for
the infant and adult animals (see Fig. 1; Group Comparison:
X2 (1, N = 756) = .082, p = .78). The finding of no difference
between infant and adult animals’ Weber fractions also held
using Crawford’s modified t statistic, a statistic that is used in
neuropsychological case studies to determine whether an individual’s performance significantly differs from a reference
group (Crawford & Howell, 1998; Infant 1 vs. Adults: t = .73,
p = .53; Infant 2 vs. Adults: t = -.50, p = .64). We also compared the standard deviations of monkeys’ performance using
a linear regression with predictors of Age Group and Ratio
over the standard deviation of each subject’s accuracy across

sessions for each quantity ratio. We found no significant effect
of Age Group (βage = -.02, p = .66) nor an interaction of Age
Group by Ratio (βage*ratio= .20, p = .26) on the standard deviation of accuracy. This indicates that infants were not significantly more variable than adults in their quantity judgments.
Finally, the quantitative sensitivity of our adult and infant
animals fell within the interquartile range of that observed
by other labs, in previous experiments with untrained monkeys (Jones et al., 2014). This shows that the animals in the
current experiment were typical of their population. Thus,
infant monkeys performed as well as typical adult monkeys
in their quantity discriminations. This finding indicates that
the spontaneous quantitative cognition of nonhuman primates
is relatively stable after 1 year of development.
In light of evidence that human children less than 2 years of
age have difficulty comparing quantities of greater than three
items during choice tasks (Feigenson & Carey, 2003; Sella
et al., 2015), we explored whether infant monkeys exhibit
similar difficulties with large quantities. We tested whether
monkeys performed better on trials in which both sets
contained only small numbers of items (<4). Accuracy on
small sets was highly similar to accuracy on trials in which
one or more of the sets contained five or more items (Adults:
small number accuracy 73 %, large number accuracy 73 %;
Infants: small number accuracy 74 %, large number accuracy
74 %; t(9) = .27, p = .79). It also has been reported that young
human children fail to compare sets that span small and large
quantities, such as 3 versus 6 (Feigenson et al., 2002). In
contrast, infant and adult monkeys performed significantly
above chance on the span trials (Adult accuracy: 75 %, 123/
163, p < .001; Infant accuracy: 86 %, 49/57, p < .001). This
suggests that, unlike 1-year-old human children, 1-year-old
monkeys are capable of making adaptive choices over a large
range of quantities. This is further evidence that quantitative
cognition matures faster in nonhuman primates than in
humans.
To test for effects of experience, we calculated the statistical effects of age and ratio on accuracy using logistic regression. If experience affects accuracy or modulates accuracy as a
function of the ratio between the sets, we should see either a
main effect of Age or an interaction between Age and Ratio.
We found neither a main effect of Age (βage = -.01, p = .88)
nor an interaction of Age by Ratio (βratio*age = -.09, p = .29).
Instead, we found a main effect of ratio on subjects’ accuracy
that was independent of age (βratio = -.37, p < .001), indicating
that Weber’s law predicts accuracy equivalently for infant and
adult monkeys. This analysis confirms that infant and adult
animals have equivalent quantitative abilities.
Next, we examined the effect of learning by including trial
number and the interaction of trial number by age as predictor
variables in our logistic regression. If experience influences
performance, then we should see a positive effect of Trial
Number on performance. Alternatively, if there are differences
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Fig. 1 (A) Adult and infant monkeys’ accuracy as a function of quantity
ratio (smaller quantity/larger quantity). Solid lines (adults) and dotted
lines (infants) represent fits predicted by a model of Weber’s law
(following Cantlon & Brannon, 2007; Pica et al., 2004; Goodness-offit: Adults: R2 = .76, p < .01, Infants: R2 = .50, p < .05). Error bars
represent the standard error of the mean. (B) Average Weber fractions
(w) for monkeys for whom individual Weber fractions could be calculated

(6/8 adults and all infants). The Weber fraction measures sensitivity to
quantity, with smaller values indicating better acuity. A w of 0.5 represents the ability to discriminate sets with a 2:3 ratio approximately 75 %
of the time. Error bars represent the standard error of the mean. (C) Adult
and infant monkeys’ overall accuracy. Error bars represent the standard
error of the mean.

in how experience affects infants’ versus adults’ performance,
we should see a significant interaction between Trial Number
and Age. Our results show that performance slightly improved
over testing (βtrial = .49, p < .001), but there was no difference
in the degree of improvement between adult and infant animals (βage*trials = .12, p = .30). This finding shows that experience making quantity discriminations improves performance
at the same rate for infant and adult animals, and thus developmental learning is not more rapid than adult learning. This
means that our findings of equivalent quantitative cognition in
infant and adult animals cannot be explained by rapid early
learning in infant animals.

provide new evidence of a common developmental foundation for quantitative cognition in humans and nonhuman
primates.
We also hypothesized that if the ability to make quantitative
judgments is constrained by the unfolding of genetically
predetermined abilities, or maturation, then monkeys should
develop the ability to make quantitative judgments earlier than
humans because they mature faster. This type of phenomenon
has been shown previously in studies comparing the performance of monkeys and humans for lower level abilities such
as object representation (Diamond, 1990, 1991; Gómez,
2005). In those prior studies it was shown, for example, that
infant monkeys develop the ability to detect and reach for
objects at an earlier point in development compared to
humans, indicating that the development of object perception
is affected by the species’ rate of growth. Our data provide the
first evidence that primate quantitative cognition also is affected by a species rate of growth as monkeys develop the capacity for explicit quantitative judgments more rapidly than
humans – 1-year-old monkeys are capable of making explicit
quantity judgments that human children fail to express until
2.5 or 3 years of age (Brannon & Van de Walle, 2001; Cantlon,
Safford, & Brannon, 2010; Feigenson & Carey, 2003; Sella
et al., 2015). Further testing with younger animals is needed to
determine the exact age at which this capacity for adult-like
explicit quantitative judgments emerges. The fact that primate
quantitative development is rapid, like the pace of their genetic
growth, implicates maturational factors as an important constraint on quantitative development.

Conclusion
Our data from nonhuman primates provide new insights into a
number of issues that bear on human cognitive development.
First, the data we report here are the first to show that spontaneous quantitative reasoning emerges within 1 year of age in
nonhuman primates. We hypothesized that if quantitative reasoning has a common developmental basis in human and nonhuman primates then it should emerge early in development
across primate species. Our finding that 1-year-old monkeys
spontaneously judge quantitative values confirms that quantitative reasoning is an early developing cognitive ability in
nonhuman primates as in humans (e.g., Cordes & Brannon,
2008; Spelke, 2011; Xu & Spelke, 2000). These findings
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Finally, we hypothesized that if learning experience is the
primary factor in the spontaneous quantitative reasoning of
monkeys, then infant animals should perform worse than adult
animals and learning rates should differ between age groups.
Although both infant and adult monkeys showed improvement in performance over testing, indicating that quantitative
learning can occur in infant and adult animals, there was no
effect of age on monkeys’ spontaneous quantity abilities and
there were no differences in learning rates between age
groups. It is not likely that rapid learning explains the rapid
development of quantitative reasoning in infant monkeys
since there was nothing different about the learning of infant
monkeys compared to adult monkeys. We argue that learning
experience is not the primary factor in the spontaneous quantitative abilities of monkeys. Instead, we argue that primate
quantitative cognition initially emerges from the same kinds
of maturational gene–environment interactions that result in
basic perceptual processes.
The argument that maturation is an important factor in
quantitative development does not imply that environmental
input is unimportant. For example, in the case of object detection, animals raised in impoverished environments are unlikely to develop normal object perception abilities (Diamond,
1990, 1991). The rapid genetic maturation of monkeys is not
deterministic of cognitive abilities but rather allows them to
access key environmental inputs for developing those abilities
at an earlier time than humans. Our data provide novel evidence that maturation is a factor in quantitative development,
which includes the species’ genetic physical development as
well as the access to environmental inputs afforded by that
physical development. The specific genetic events and environmental inputs that are necessary for quantitative reasoning
to emerge are not yet known. However, our finding that quantitative cognition emerges within 1 year in monkeys suggests
that the necessary precursors are relatively fundamental features of the environment.
Taken together, our results implicate the existence of evolutionarily primitive quantitative abilities across primate species that are critically influenced by the species’ rate of maturation. These results add a new type data, developmental data
from nonhuman primates, to the growing literature implicating a fundamental link between the cognitive abilities of
humans and nonhuman primates in the domain of quantitative
cognition (Beran, 2008; Brannon, 2005; Cantlon, 2012;
Cantlon & Li, 2013; Nieder & Dehaene, 2009; Spelke, 2011).
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