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Summary
This chapter reviews the behavioral evidence for numerical capacities in animals. We show that ani-
mal number representations are ratio dependent, subject to the same numerical illusions as humans, 
illict semantic congruity effects, map across sensory modalities, enter into arithmetic computations, 
and support a precursor to the zero concept. The review illustrates that nonhuman animals share 
with humans a basic capacity to quantify the world around them that likely serves as a foundation 
for the rich and uniquely human mathematical mind.

Numbers and mathematics allow humans to build models that predict the timing and direc-
tion of the spread of oil from the 2010 BP oil disaster in the Gulf of Mexico, to calculate the cost 
of an international meeting in the south of France, and to build a sail boat and navigate around 
the world. No nonhuman animal is capable of any of these accomplishments. Where did these 
uniquely human cognitive capacities come from? Is the ability to store and manipulate numeri-
cal representations the exclusive domain of language-competent humans? Or, might we expect 
to see some of the building blocks and evolutionary antecedents of these abilities in animals?

In the last few decades, a wealth of data has emerged suggesting that dozens of animal 
species are capable of representing number and that they may even spontaneously attend 
to numerical cues in their natural environments (see Box 14.1). Although early research was 
fraught with issues of stimulus control and experimenter cueing, more recent work has 
made great efforts to eliminate these confounds.
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Why might a nonhuman animal need to 
represent number? Several studies examin-
ing animals in naturalistic settings suggest 
that representing number may enhance an 
animal’s ability to survive and compete for 
resources. For example, mosquito fish join 
the numerically larger shoal to avoid preda-
tion and recent experimental studies show 
that mosquito fish can discriminate number 
independently of alternative cues, and may 
use number as a cognitive shortcut (Box 14.1 
Fig. 1) [82,83]. Many different animal spe-
cies may also use numerical representations 
when deciding how to solve territorial dis-
putes. For example, several studies have 
shown that animals treat territorial incur-
sions differently depending on the size of the 
invading group [84–86].

The above examples demonstrate that rep-
resenting number may be useful. However, 
in many instances, number is confounded 
with other variables that may be more salient 

or ecologically relevant to the animal. For 
example, a tree with 10 pieces of fruit will 
likely have a larger total amount of food than 
a tree with two pieces of fruit. In this case the 
amount of food is likely of greater import 
than the number of food morsels. In fact a 
prevalent view has been that animals may be 
capable of attending to number but only as a 
last resort when other more salient cues are 
not available [87].

Cantlon and Brannon [88] designed a labo-
ratory task to experimentally ask whether rhe-
sus monkeys use number only as a last-resort 
strategy. Monkeys were trained on a number 
match-to-sample task in which the sample and 
the correct choice could be matched by either 
number or by another non-numerical dimen-
sion such as shape, color, or surface area. For 
example, on training trials with the color vs 
shape condition, both the sample and cor-
rect choice might consist of four brown stars, 
whereas the incorrect answer might consist of 

BOX 14.1 FIGURE 1 A mosquito fish was placed in a tank with two exits on opposite sides. Each 
exit was labeled with a numerical stimulus that contained either two or three items. Half of the fish were 
trained to choose the exit with 2 items, and the other half were trained to choose the exit with 3 items. 
Agrillo et al. [82] found that when non-numerical cues such as cumulative element surface area, total 
luminance, overall space occupied by the stimuli, and element size were controlled, the fish could still 
accurately choose the correct alternative. Photograph courtesy Christian Agrillo, University of Padova.

BOX 14.1

U T I L I T Y  O F  N U M B E R
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three green stars (Box 14.1 Fig. 2). The correct 
answer could be matched either by number 
(four) or by color (brown). During probe trials, 
monkeys were given non-differentially rein-
forced trials where they could only match on 
one of the two dimensions. Thus, if the sample 
had four brown hearts, then the choices would 
contain four green stars and three brown 
stars. Results indicated that all monkeys were 
more likely to make a number match than a 
surface-area match. Monkeys did, however, 
prefer to match based on color or shape com-
pared to number. Importantly, the monkeys’ 
choices revealed that, in all conditions, they 

were tracking the numerosity of the sample 
even though this was not necessary during 
training. Specifically, the monkeys showed dis-
tance effects, whereby the probability that they 
would make a number match increased with 
the numerical disparity between the number 
match and the non-numerical match.

The above studies suggest that numeri-
cal representation may be useful to animals 
in many different ways; and, contrary to the 
last-resort hypothesis, the ability to repre-
sent numerical values may be a very natural 
component of most animal minds.

In this chapter, we focus on the behavioral evidence that animals represent number inde-
pendently of other stimulus dimensions. We illustrate the psychophysical signatures of the 
approximate number system (ANS) shared by nonhuman animals and humans, and the 
arithmetic operations into which these representations enter. The review illustrates that non-
human animals share with humans a basic capacity to quantify the world around them that 
likely serves as a foundation for the uniquely rich human mathematical mind.

SHARED SYSTEMS FOR NUMBER REPRESENTATION

Ratio Dependence
The hallmark of the ANS is that Weber’s Law controls discrimination such that the ratio 

between numerosities determines how easily they are distinguished, e.g., [1–3]. Difficulty 

Sample
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Choices

Sample

Probe trial

Choices

BOX 14.1 FIGURE 2 Example standard and probe trials during the color vs numerosity condition. 
During standard trials, the target matched the sample on both color and numerosity, whereas the distrac-
tor differed on both dimensions. Probe trials were non-differentially reinforced with one stimulus match-
ing the sample’s numerosity, and the other stimulus matching the sample’s color [88].

BOX 14.1 (cont’d)
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in discrimination increases as the ratio between numerosities approaches 1. Thus, the ANS 
does not support the same precision in discrimination made possible by symbolic number 
systems. With symbols for number, we can distinguish 342 from 343 as easily as we can dis-
tinguish 2 from 3. Without such a symbolic number system, animals are limited to the fuzzy 
representations supported by the ANS. Consequently, the ANS allows much more rapid 
and accurate discrimination of 2 from 4 than 32 from 34. Box 14.2 describes two alternative 
explanations for why discrimination in the ANS follows Weber’s Law.

The fact that animals, adults, and human 
infants all show evidence of ratio dependence 
in their number discriminations indicates that 
the internal representation of number is non-
linearly related to objective number in some 
way. Two proposals have emerged to explain 
the relationship between objective and subjec-
tive number. According to the scalar variance 
proposal, numerosity is represented on a lin-
ear scale and ratio effects emerge because the 
noise that surrounds each mental magnitude 
increases in proportion to that magnitude 
(Box 14.2 Fig. 1, right) [29,89]. According to 
the logarithmic proposal, numerosity is repre-
sented on a logarithmic scale with a constant 
error variance surrounding each mental 
magnitude [90,91]. In this case, ratio effects 

emerge because mental magnitudes become 
subjectively compressed as their objec-
tive magnitudes increase (Box 14.2 Fig. 1, 
left). These models differ in terms of how 
the underlying number scale is represented, 
but they predict the same behavioral signa-
tures. Although the dominant view in the 
literature is that the internal number scale is 
logarithmically spaced Gibbon and Church 
[92] (see also [93]) argued that to adequately 
differentiate the logarithmic and linear with 
scalar variance hypotheses, it is necessary 
to use a task that required subjects to base 
their behavior on the difference between two 
points on a continuum rather than simply 
ordering or matching numerical values.
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BOX 14.2 FIGURE 1 Two proposals used to explain numerical ratio effects. According to one pro-
posal, subjective magnitudes maintain a constant error variance, and become logarithmically compressed 
as objective magnitude increases (e.g., [90], left). According to the scalar variance proposal, mental mag-
nitudes are represented linearly with error variance increasing in proportion to the objective magnitude 
(e.g., [29], right). From [95].

BOX 14.2

L I N E A R  V S  L O G A R I T H M I C
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When adult humans are tested in tasks that avoid verbal counting, they too show ratio-
dependent number discrimination. In fact, animals and humans tested in parallel tasks 
often show remarkably similar patterns of performance. As shown in Fig. 14.1, when col-
lege students and monkeys were tested in a numerical ordering task, accuracy decreased 
and reaction time increased as the ratio between the two numerosities approached 1 [1,4]. 
Similarly, when humans and rats were required to produce a given number of lever or key 
presses, the number of presses was normally distributed around the target number, with the 
size of the distribution increasing linearly with the size of the target number [5–7].

Numerical Illusions
Non-verbal number judgments in adult humans are subject to a variety of different illu-

sions such as the size–numerosity illusion [8], regular–random numerosity illusion, and the 
numerosity adaptation effect [9] (and see Chapter 12 in this volume). While most of these 
illusions have yet to be systematically explored in nonhuman animals, Beran [10] recently 
demonstrated that monkeys show the regular–random numerosity illusion (RRNI), and 
overestimate homogeneous numerical arrays that appear in regular arrangements (e.g., sim-
ple shapes) as opposed to random arrangements (Fig. 14.2) [11–13]. Beran trained monkeys 
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FIGURE 14.1 Monkeys and humans participated in a numerical ordering task. Accuracy (left) decreased and 
reaction time (right) increased as the ratio between the two numerical sets approached one. From [1,94].

FIGURE 14.2 Stimuli used to test for the RRNI. Both 
humans and monkeys perceive randomly arranged dot  
patterns (left) as less numerous than regularly arranged  
dot patterns (right). From [10].
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to select the numerically larger of two numerically unequal arrays. He then presented probe 
trials where the two numerosities contained the same number of elements. The dots in one 
of the probe stimuli were arranged regularly in a matrix and the dots in the other stimulus 
were arranged randomly. Monkeys and humans reliably judged the regular patterns to be 
more numerous than the random patterns. The fact that number judgments are subject to 
some of the same visual illusions in rhesus monkeys and human adults supports the idea 
that the two species rely on a common representational system.

Cross-Modal Representations of Number
Number is abstract in that it is not bound to the physical or perceptual qualities of the 

stimulus. For example, three croissants and three iPhones differ in many important percep-
tual features, but they both share the common abstract feature of “threeness”. Do animals 
appreciate the abstract numerical equivalence between sets perceived in different sensory 
modalities? Research addressing this topic has until recently been hard to interpret due to 
mixed results (e.g., [14] vs [15]). Jordan et al. [16] devised an ecologically relevant task to 
assess cross-modal mapping in rhesus monkeys. Monkeys heard choruses of two or three 
monkeys vocalizing while simultaneously viewing either two or three animated monkey 
faces on a computer screen (Fig. 14.3). The sound intensity of the choruses was equated and 
the videos were edited so that all mouth movements had a synchronous onset and offset. 
Monkeys looked longer at the screen that featured the number of faces that matched the 
number of vocalizing monkeys, suggesting that monkeys were able to match number across 
visual and auditory modalities. Human infants showed the same pattern of results when 
tested in parallel study with human faces and voices [17].

In a more direct test of monkeys’ ability to cross-modally match based on number, Jordan, 
MacLean, and Brannon [18] trained three rhesus monkeys on a number match-to-sample 
task in which the monkeys were presented with a sample sequence of shapes or tones  
(Fig. 14.4). The monkeys were then required to choose the visual array that matched the 
number of sights or sounds in the sample. Monkeys performed above chance for both audi-
tory and visual samples and their matching ability was dependent on the ratio between the 
numerosity of the correct match and the incorrect distractor. Furthermore, monkeys were just 
as accurate matching across sensory modalities (auditory–visual) as they were within a sin-
gle modality (visual–visual), although there was a slight reaction-time cost. Similar studies 
by Barth and colleagues have shown that adults and preschool children can compare large 
arrays across sensory modalities and show little or no cost in accuracy [19,20].

FIGURE 14.3 An example trial in which three animated monkey faces were presented with two or three simul-
taneous vocalizations. Monkeys looked longer when the number of faces matched the number of vocalizations. 
From [16].
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The monkey face–voice matching study may or may not involve the ANS given that the 
experiment was limited to sets of two and three which could be handled by an alternative 
mechanism; however, the touch–screen version clearly showed ratio-dependence for a wide 
range of values and thus recruited the ANS. Thus, while auditory cortex and visual cor-
tex are no doubt used to perceive the sound and sights presented to the monkeys, it seems 
likely that at subsequent processing stages the perceptual features of the arrays are either 
discarded or ignored.

Precursors to a Zero Concept
Zero is a special number in symbolic number systems for many reasons. First it serves 

as the additive identity for natural numbers such that when added to any element x in a 
set, the result remains x. Zero is a number that quantifies null sets and thus, unlike positive 
integers, it represents the absence rather than the presence of objects in the world. Does the 
ANS allow for the representation of empty sets as numerical values?

Research investigating the representation of zero in animals has met with mixed results. 
An African Grey Parrot, named Alex, was trained to verbally label empty sets, and a chim-
panzee, named Ai, was trained to match empty sets to the Arabic numeral “0” [21–23]. 
However, in both cases the animals failed to show flexible use of the symbol and to transfer 
associations learned in one context to another.

Merritt, Rugani, and Brannon [24] suggest that rhesus monkeys represent empty sets as 
numerical values and that this ability may serve as a necessary prerequisite to a concep-
tual understanding of the symbol zero. They tested rhesus monkeys with empty sets that 

Sample
Element 1

510 ms

350 ms

200 ms

1000 ms

Sample
Element 2

333 ms

Sample
Element 3

921 ms

Sample
Element 4

422 ms

Choices

FIGURE 14.4 During cross-modal testing, rhesus monkeys were presented with a sequence of tones and 
shapes, followed by two sets of numerical arrays presented simultaneously on the screen. Cross-modal accuracy 
was equal to the accuracy obtained within modality. From [18].
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were inserted into two numerosity tasks with which the monkeys already had extensive 
experience. In the matching task, the monkeys were required to choose between two arrays 
based on the numerosity of a sample array. The sample arrays contained stimuli with 0, 1, 
2, 3, 4, 6, 8, or 12 items and the two choice arrays contained the matching number of ele-
ments (target) and a different number of elements (distractor). The trials with empty sets  
(0 elements) were treated as probe trials and thus were non-differentially reinforced. Results 
indicated that monkeys were able to accurately match the empty sets, independently of 
background area and background color. Importantly, the monkeys showed numerical dis-
tance effects for empty sets and thus were more accurate at choosing the correct target array 
when the distractor array differed greatly from the target array in numerosity. The distance 
effect for empty sets suggests that monkeys were not treating the empty set as a qualita-
tively different picture-like stimulus, but rather, as a numerical value that could be com-
pared with other numerical values (Fig. 14.5).

In a second experiment, monkeys were tested on a numerical ordering task. Monkeys 
were required to respond to pairs of numerical values in either ascending (red screen back-
ground) or descending (blue screen background) order. The monkeys were given non- 
differentially reinforced probe trials that contained an empty set paired with each of the 
other possible numerical values (1–9). For both ascending and descending trials, the mon-
keys were able to spontaneously place the empty set in the proper order with above chance 
accuracy. Further, as with the matching task, the monkeys showed distance effects that were 
comparable to those observed with the other numerical values (see also [25]). Collectively 
these data suggest that monkeys appreciate empty sets as values along the numerical con-
tinuum and suggest that a successful model of nonverbal numerical representation must be 
able to represent the absence of countable items [26,27].

Do humans show these same patterns? Although some data question whether zero is 
part of the approximate number system [28], very few studies have been conducted to test 
this question directly. Wellman and Miller [29] have shown that young children’s under-
standing of zero lags behind that of the count-list integers, and that children do not fully 
grasp the cardinal and ordinal properties of zero until about age four. One reason may be 
that children have difficulty conceptualizing the symbol zero as a numerical value. But what 
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FIGURE 14.5 Accuracy as a function of the numerical distance between the target (i.e. correct match) and the 
distractor for two rhesus monkeys (A) Mikulski and (B) Schroeder. If empty sets were perceived as numerical val-
ues, then there should be a distance effect for the empty sets (dotted line) similar to that for the numerosity one 
(solid line). From [24].
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if the symbolic component were removed? Would young children understand the cardinal 
and ordinal properties of empty sets prior to understanding these relationships with zero? 
In order to examine this, Merritt and Brannon (in preparation) tested four-year-old children 
using the same paradigm that was used to test rhesus monkeys [24]. Children responded to 
empty sets with above-chance performance and more importantly showed distance effects 
for empty sets in both tasks. This was true even among children who were unable to answer 
verbal questions about the ordinal relationships between zero and other numbers in the 
count-list. Overall, these findings demonstrate that the ANS can support representations of 
empty sets and these representations may serve as a precursor for the ability to represent 
symbolic zero.

THE RELATIONSHIP BETWEEN TIME, SPACE, AND NUMBER

It would be adaptive to represent time, spatial extent, and number in a single currency to 
allow arithmetic operations to combine variables across domains [30]. For example, many 
different animal species calculate the rate of return when making foraging decisions thus 
integrating over time and number [31].

Time and Number
A classic finding by Meck and Church [32] suggests that rats may automatically encode both 

time and number when trained to discriminate two stimuli for which the two dimensions pro-
vide redundant information (e.g., two events in 2 s vs eight events in 8 s). A stronger claim made 
by Meck and Church was that there was a quantitative equivalence between a unit of time and a 
single count. Rats were trained to classify stimuli as short or long (e.g., a constant tone that was 
2 or 4 s) and were then tested with sequences of 10–20 1-s-on/1-s-off white noise bursts. Despite 
the fact that the rats had been trained on a purely duration discrimination, they transferred to 
the number discrimination. Given that the duration of the test sequences was completely out-
side the range of the training durations the authors argued that successful transfer performance 
revealed that each countable event was psychologically equivalent to 200 ms such that 10 events 
was equivalent to 2 s and 20 events was equivalent to 4 s.

More recent work, however, challenges these interpretations. Balci and Gallistel [33] 
showed that transfer performance may actually be mediated by cross-domain comparability 
of within domain proportions. They used the Meck and Church time–number bisection pro-
cedure and trained adult humans to classify two durations (2 or 4 s) as short or long. The sub-
jects were then tested with different numbers of light flashes (e.g., 5, 6, 7, 8, and 10 flashes) 
and required to classify the stimuli as short or long. Different groups of subjects were tested 
with different numerical ranges (i.e. 5–10 or 10–20). Transfer from duration to number was 
successful regardless of the absolute values with which subjects were tested. These results 
suggest that the subjects anchored their decisions to the range of values presented within 
each domain but did not actually make a direct comparison between magnitudes for dura-
tion and number. Thus, while it is possible that there is a single representational code for 
time and number at some point in the processing hierarchy, it is also possible that behavioral 
parallels and transfer across domains could instead reflect common comparison processes.
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Space and Time
A related question is the degree to which variability in one dimension influences the judg-

ments made about another dimension? In humans, there is an asymmetrical relationship 
between space and time, with spatial manipulations influencing judgments of time more 
than the reverse. Casasanto and Boroditsky [34] suggested that this asymmetry may be due to 
the fact that most languages have many more spatial metaphors for time than vice versa. But, 
what is the relationship between space and time in the mind of a nonverbal animal? Merritt, 
Casasanto, and Brannon [35] developed a new task that could be used with both monkeys 
and humans to assess whether temporal stimulus attributes influence judgments about spatial 
extent and vice versa. As expected, humans showed an asymmetrical pattern whereby space 
influenced time judgments more than the reverse. However, monkeys showed strong bidirec-
tional and symmetrical influences of space and time on one another. The monkey findings are 
consistent with Walsh’s [36] ATOM proposal (a theory of generalized magnitude) which sug-
gests that time, space, and number are all represented by a common generalized magnitude 
system and also consistent with the possibility that language may be the driving force that cre-
ates an asymmetry between the perception of time and space.

Semantic Congruity
While ratio dependence is a behavioral signature of the ANS, the semantic congruity effect 

appears to be a universal hallmark of the wider class of all ordinal judgments. For exam-
ple, when asked to compare the relative sizes of two small animals (e.g., termite vs roach), 
people respond more quickly when asked to choose the “smaller” item than when asked to 
choose the “larger” item. In contrast, when asked to compare two large animals (e.g., buffalo 
vs whale), people respond more quickly when asked to choose the “larger” compared to the 
“smaller” item. Thus, reaction time is faster when the question is congruent with the size of 
the comparators. This phenomenon, known as the semantic congruity effect, is robust and has 
been found in a variety of different prothetic dimensions including number [37,38], line length 
[39], brightness [40], distance between cities [41], animal intelligence [42], and animal size [43].

One explanation for the semantic congruity effect is that when two stimuli are compared 
on the basis of size or number, they are coded for magnitude (Small or Large) using sym-
bolic or linguistic processes [44–46]. When the stimuli being compared differ greatly in mag-
nitude, they are given different magnitude codes (e.g., small vs large). If asked “which is 
larger?” or “which is smaller?”, these codes can then be quickly and easily matched to the 
form of the question. However, when the stimuli being compared are either both large or 
both small, then the magnitude codes for both stimuli will be similar to one another (e.g., 
Large and Large! or Small and Small!, respectively). To answer an ordinal compari-
son question the codes must be translated from Small/Small! to Small/Large (or Large/
Large! to Large/Small) so that one of the codes is consistent with the form of instruction. 
The reaction-time patterns that characterize the semantic congruity effect are the result of 
the added processing time necessary to translate these codes.

However, recent work with nonverbal animals casts doubt on this explanation, and sug-
gests that semantic congruity is a more general feature of ordinal comparisons. Cantlon and 
Brannon [47] trained rhesus monkeys to make a conditional discrimination such that when 
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the screen background color was red, they were required to respond to pairs of numerical 
stimuli in ascending numerical order (e.g., two and then three) whereas when the background 
color was blue, they were required to select the stimuli in descending numerical order (e.g., 
three and then two). Figure 14.6 illustrates that both monkeys showed a semantic congruity 
effect. For relatively small pairs, the monkeys were faster when given the ascending cue com-
pared to the descending cue (faster at responding 2 and then 3, compared to 3 and then 2). 
Likewise, when responding to relatively large pairs, the monkeys were faster when given the 
descending compared to the ascending cue (i.e. faster at responding 8 and then 7, compared to 
7 and then 8).

The semantic congruity effect is subject to range effects in monkeys and adult humans 
alike, whereby a given set of values is treated as large or small depending on the context 
in which it is presented [43]. For example, 9 would be considered a “large” number within 
a range of 1–10, but a “small” number within a range of 1–10,000. Jones et al. [48] modified 
the paradigm used by Cantlon and Brannon [47], and manipulated the range of values. Like 
humans, the monkeys’ performance was dependent on context. On average, when the pair 
6:12 was presented within a range of 1–12, monkeys responded more quickly on descend-
ing trials (e.g., “choose larger”) than on ascending trials (e.g., “choose smaller”). In contrast, 
when 6:12 was presented within a range of 6–72, monkeys responded more quickly on the 
ascending trials than on the descending trials.

ARITHMETIC REASONING

The ANS provides a simple avenue for performing arithmetic operations in a system 
analogous to histogram arithmetic [30]. In fact, studies with young children, adults, and 
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nonhuman animals demonstrate that ANS representations enter into operations that are iso-
morphic with ordering, addition, and subtraction [19,49–52].

Ordering
Numerical ordering is an operation that has been repeatedly demonstrated in nonhuman 

animals (e.g., Fig. 14.7). Many animal species, including chimpanzees [53–55], cebus mon-
keys [56,57], rhesus monkeys [58], horses [59], and elephants [60], can reliably pick a con-
tainer with the greater number of food pieces. However, in these studies, it is often difficult 
to determine whether the animals are attending to the total amount of food, the duration of 
the baiting sequence, or the number of food items.

Other studies have used visual stimuli with elaborate controls to directly test whether 
animals are capable of ordering arrays on the basis of numerical attributes while ignoring 
the non-numerical continuous variables that often co-vary with number. These studies sug-
gest that when non-numerical variables are dissociated from number, monkeys can easily 
attend to number. For example, a wide variety of primates (rhesus monkeys, baboons, cebus 
monkeys, squirrel monkeys, ringtail lemurs) are capable of extracting an abstract numerical 
ordinal rule such that when trained to order a subset of values (e.g., 1–4), can subsequently 
extend this rule to values outside the training range (e.g., 5–9) [61–64].

Addition and Subtraction
A few studies have shown that monkeys, lemurs, and even dogs track the number of 

objects behind a screen when they witness addition and subtraction events [25,65–70]. While 
these studies appear to reflect addition and subtraction operations analogous to that shown 
by human infants, it is unclear whether these studies tapped ANS representations or instead 
object-file representations given the exclusively small values tested (see Chapters 2, 15, and 

FIGURE 14.7 A ring-tailed lemur deciding which 
stimulus to choose in a numerical ordering task. In order 
to obtain reward, the lemur must select the stimulus con-
taining the fewest number of elements first.
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17 in this volume). However, Flombaum, Junge, and Hauser [71] found evidence of ratio-
dependent number discrimination in free-ranging macaques on the island of Cayo Santiago. 
Monkeys that witnessed the operation 4 ! 4 looked longer at outcomes of 4 compared to 
outcomes of 8 whereas monkeys that witness an 8 " 4 operation looked longer at outcome 
of 8 than an outcome of 4.

Other tasks that require more explicit choices also suggest that animals can track the  
total number of food items and compare these sums. In some of these studies the addends 
were all visible at the time of the choice whereas others required updating sets in memory 
[72–77]. For example, in one study chimpanzees watched as two different experimenters 
each dropped M&M candies into two opaque containers [74]. The chimpanzees reliably 
selected the container that contained the greater number of candies, suggesting that they 
could update their numerical representations in each cup as new items were added.

As mentioned earlier, food choice studies are subject to the criticism that animals may be 
attending to continuous variables and optimizing the amount of food they receive rather 
than the number of food morsels. To test for nonverbal addition while controlling for the 
myriad of possible non-numerical cues, Cantlon and Brannon [78] tested monkeys in a 
delayed-match-to-sample addition task (Fig. 14.8). Monkeys were shown two sample arrays 
separated in time by a brief delay and then presented with a choice between two arrays, one 
of which was the sum of the two sample arrays. Monkeys were trained with a few different 
problems and then tested with novel addends. Performance exceeded chance expectations 
on the novel problems and was dependent on the ratio between the correct sum and the 
incorrect distractor (Fig. 14.9A, B). In fact, monkeys and humans tested on the same task 
showed similar ratio-dependent performance, suggesting that both monkeys and humans 
can nonverbally add using the ANS (see also [19,49]).

Addition task

Set 1 (500 ms)

Set 2 (500 ms)

time Choices:

touch the sum

of the 2 sets

Delay (500 ms)

FIGURE 14.8 Monkeys and human par-
ticipants added two sets of dots. The sets 
were presented sequentially, with each set 
separated by a brief delay. Next, two sets of 
dots were presented simultaneously, with 
one set equal to the sum of the two addends, 
and the other set serving as a distractor. 
From [78].
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CONCLUSIONS

The ability to understand and manipulate numbers is a hallmark of human cognition, 
but the data reviewed in this chapter show that such abilities are not unique to humans. 
Animals are capable of representing number independently of such non-numerical features 
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FIGURE 14.9 Accuracy (A) and reaction time (B) for humans (orange circles) and monkeys (black circles) as a 
function of ratio between the correct sum and the distractor choice. From [78].

Despite the recent advances in our under-
standing of the ANS in animals and its  
parallels in adult and developing humans, 
several important questions remain.

● Do animals possess separate systems 
for representing small and large sets 
as work with human infants elegantly 
demonstrates (e.g., Chapters 2 and 18 
in this volume)? Why do some animals 
show set size limits in particular tasks 
[59,67,79,80], but not others [57,81,82]?

● What can animal models tell us about 
how symbols for number are learned? 
Are animals capable of using the same 
inductive processes used by humans to 

map magnitudes onto symbols? When 
animals are trained to map symbols to 
numerosities does this fundamentally 
change their underlying numerical 
representation? Or instead are precise 
numerical representations forever the 
beyond of nonhuman animals and only 
made possible by human language?

● How are number representations in 
animals related to representations of 
time or space? Are transfer studies 
simply showing abstract rule learning 
or do they in some cases reveal common 
representational codes for different 
quantitative domains?

BOX 14.3

Q U E S T I O N S  F O R  F U T U R E  R E S E A R C H
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as density, surface area, duration, and contour length. Moreover, these nonverbal represen-
tations of number enter into arithmetic computations such as ordering, addition, and sub-
traction. Many computations in the world require integrating information from multiple 
quantitative domains (e.g., number, time, and space). A challenge for further research is to 
determine at what level of the cognitive and neural processing stream these domains are 
distinct and when they are integrated (see Box 14.3). There is no doubt that animal models 
will be crucial for this enterprise (see Chapter 8 in this volume).
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