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Rhesus monkeys (Macaca mulatta) select Arabic
numerals or visual quantities corresponding to a
number of sequentially completed maze trials

EmiLy H. HARRIS, DAVID A. WASHBURN, MICHAEL J. BERAN, AND ROSE A. SEVCIK
Georgia State University, Atlanta, Georgia

Four number-trained rhesus monkeys were trained to enumerate their sequential responses. After complet-
ing a series of computerized maze trials, the monkeys were given a same/different discrimination involving a
numerical stimulus (an Arabic numeral or a visual quantity) and the letter D. The goal was to choose the nu-
merical stimulus if it matched the number of just-completed maze trials, and to choose the letter D if it did not.
There were large individual differences in performance, but one animal performed above 70% when receiving
randomly intermixed series of 1, 3, 5, and 9 maze trials. This indicates that the monkey was keeping track of the
approximate number of maze trials completed in each series and using that numerical cue to respond during the

same/different discrimination.

Several different paradigms have been used to investi-
gate numerical ability in animals. These include relative
numerousness judgments, in which the animals choose
between two or more sets of items on the basis of quantity
(e.g., Beran, 2001; Boysen & Berntson, 1995; Brannon &
Terrace, 2000; Call, 2000; Hauser, Carey, & Hauser, 2000;
Nieder, Freedman, & Miller, 2002; Roberts & Mitchell,
1994; Thomas, Fowlkes, & Vickery, 1980) and tasks in
which the absolute number of items is relevant (e.g.,
Beran & Rumbaugh, 2001; Boysen & Berntson, 1989;
Capaldi & Miller, 1988; Davis, 1984; Emmerton, 1998;
Matsuzawa, 1985; Murofushi, 1997; Pepperberg, 1994;
Xia, Emmerton, Siemann, & Delius, 2001). The present
study uses a paradigm in which the “to-be-enumerated”
items are sequential events rather than visible items, be-
cause we are interested in whether number-trained rhesus
monkeys can match their own sequential responses with
an Arabic numeral or visual dot quantity.

One of the many important aspects of human numerical
competence involves the ability to keep track of sequen-
tially presented items or events and to provide a numerical
label corresponding to the cardinal value of the set. For
example, adult humans asked to keep track of the num-
ber of traffic lights they pass on their way to work each
morning would probably be able to provide the correct
number. Several researchers have used the sequential pre-
sentation of items or events to investigate numerical abil-
ity and serial learning in rats (e.g., Burns & Criddle, 2001;
Burns, Johnson, Harris, Kinney, & Wright, 2004; Capaldi
& Miller, 2004). In one such study, Davis and Bradford
(1986) trained rats to enter either the third or fourth tunnel
in a series of six tunnels. The configuration of the tunnels

and distance between them varied from trial to trial, so the
only available cue was the number of previously encoun-
tered tunnels.

Capaldi and Miller (1988) trained rats with a three-trial
series of maze runs consisting of two reinforced trials
followed by a nonreinforced trial (RRN) and a four-trial
(NRRN) series beginning and ending with a nonreinforced
trial. The rats quickly developed a pattern of running
more slowly on the terminal nonreinforced trial of each
series than on the other, reinforced trials. This indicates
that they were keeping track of the number of completed
trials and predicting when the nonreinforced trial would
occur. Burns, Goettl, and Burt (1995) systematically
varied the intertrial intervals in a series of runway trials
and concluded that the slower running times observed on
the terminal nonreinforced trials could not be explained
by rhythmic cues, as had been suggested by Davis and
Pérusse (1988).

A recent study from our laboratory focused on the abil-
ity of four number-trained rhesus monkeys, including
those in the present study, to use an Arabic numeral cue to
predict when a nonreinforced event would occur (Harris
& Washburn, 2005). The monkeys were presented with a
computerized task consisting of three reinforced maze tri-
als followed by one nonreinforced trial (RRRN). The goal
of the maze was an Arabic numeral 3, which corresponded
to the number of reinforced trials in the series. Two of the
monkeys eventually developed a “slow, fast, faster, slow”
pattern similar to that of the rats in the Capaldi and Miller
(1988) study. Judging by the slow running time on the
terminal nonreinforced trial of the series, the monkeys had
been anticipating the nonreinforced trial. The other two
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monkeys performed gradually slower on each trial in the
series, which made it difficult to speculate on their ability
to predict the nonreinforced trial.

Two of the monkeys then were given probe series of
the numerals 2 and 4, and the remaining 2 monkeys were
given probe series of the numerals 2 through 8. These
probe series were randomly intermixed with the familiar
numeral 3 series. As was true during training, the Ara-
bic numeral displayed in the maze corresponded to the
number of reinforced trials that would occur before one
nonreinforced trial. For instance, a numeral 2 indicated
that it was an RRN series.

The monkeys receiving the probe series 2 and 4 showed
generalization to the new numerals and developed a pat-
tern of performing more slowly on the nonreinforced trial
than on the reinforced trials before it, indicating the use
of the changing target numeral to anticipate the nonrein-
forced trial. The monkeys receiving probe series of the
numerals 2 through 8 did not use the changing numerals
to predict precisely when the nonreinforced trial would
occur in each series, but they did incorporate numerical
cues into their performance strategy. They responded dif-
ferentially to the targets by running faster overall on se-
ries with higher target numerals. One explanation for this
result is that the monkeys recognized that a higher target
numeral indicated more reinforced trials before the one
nonreinforced trial. This may have motivated the monkeys
to perform faster overall on those series.

Although not all of the monkeys in the Harris and
Washburn (2005) study used the target numbers in the
way anticipated, there was little motivation for the mon-
keys to keep track of the absolute number of trials. The
reinforcement pattern remained the same, no matter what
strategy the monkeys used to perform the task. During
training, for instance, the monkeys always received three
reinforced trials followed by one nonreinforced trial, re-
gardless of how quickly they completed each maze trial.
In addition, the monkeys performed thousands of trials a
day on this task and other tasks, so a few nonreinforced
trials were probably not very salient.

In the present study, the monkeys were required to com-
pare the number of maze trials they had just completed
with two choice options, and they were reinforced only
when they made a correct response. This would increase
motivation to perform at high levels because of the time
invested in each series of maze trials. The current study
is unique in that it not only tests the ability of number-
trained monkeys to keep track of sequential events, but
also tests their ability to compare numerical labels for car-
dinal values to sequentially completed responses that must
be enumerated. Although chimpanzees have demonstrated
an ability to label a visible quantity of items with an Ara-
bic numeral (e.g., Biro & Matsuzawa, 2001; Boysen &
Berntson, 1989; Matsuzawa, 1985; Murofushi, 1997; To-
monaga & Matsuzawa, 2002), this ability in rhesus mon-
keys has never been demonstrated with simultaneously
visible items or sequentially completed events.

In this experiment, the monkeys received series of 1, 2,
3,5, or 9 computerized maze trials, followed by two re-
sponse options. One option was a numerical stimulus (ei-

ther an Arabic numeral or a dot array) that either matched
or differed from the number of maze trials that had been
completed. The other option was a letter D, which repre-
sented “different” from the number of maze trials in the
syntax of the computer program. We were interested in
whether the monkeys could learn to choose the numerical
stimulus when it matched the number of just-completed
maze trials, or to choose the D when the numerical option
did not match the number of just-completed maze trials.
Because these animals had previously been trained to use
Arabic numerals in quantity judgment tasks (e.g., Wash-
burn & Rumbaugh, 1991), we also wanted to investigate
any potential differences in performance as a function of
the form that the numerical response option took (as either
a numeral or a dot quantity). Given the previous manner
in which the monkeys used numerals, we predicted that
sequentially enumerated sets might be more easily rep-
resented as visual quantities, and that performance might
be higher when the numerical response option took the
form of a visual dot quantity. However, if Arabic numerals
represented abstract quantities for the monkeys, perhaps
those stimuli also could be used appropriately within this
task.

METHOD

Subjects

Four male rhesus monkeys (Macaca mulatta; Willie, Gale, Lou,
and Hank) participated in this study. Their ages were 18, 20, 10, and
18 years, respectively. The monkeys were housed individually at the
Language Research Center of Georgia State University according to
federal animal housing standards. They were not deprived of food
or water during this study.

All of these monkeys had participated in previous studies that
required them to make relative numerousness and ordinal judgments
using Arabic numerals and visual dot displays (e.g., Gulledge, 1999;
Washburn & Rumbaugh, 1991). All except Hank also had experi-
ence in performing series of maze trials (Harris & Washburn, 2005).
In addition, all four monkeys had participated in computerized joy-
stick tasks related to various areas of cognitive research (e.g., Smith,
Shields, & Washburn, 2003; Washburn & Gulledge, 2002; Washburn
& Rumbaugh, 1997), including same/different judgments similar to
those used in the current task, but with nonnumerical stimuli.

Design and Procedure

The monkeys were tested in their home cages using the Lan-
guage Research Center Computerized Test System (see Rumbaugh,
Richardson, Washburn, Savage-Rumbaugh, & Hopkins, 1989, for
a description), which consists of a joystick attached to a computer
and color monitor. The monkeys moved the joystick to control the
movement of the cursor on the screen. The computer program re-
corded the target number along with the duration of each maze trial,
the choices presented, and the accuracy and response time for each
stimulus choice.

The computerized display consisted of a black H-shaped maze on
a white background (Figure 1). The goal stimulus in the maze was
a green rectangle appearing in one of four corners of the maze. The
computer program randomly selected the corner on each trial. The
monkey initiated the start of each trial by moving the joystick. At
the beginning of each trial, the cursor appeared in the middle of the
maze, and the monkey was required to move the cursor through the
maze to the goal in order to complete a trial successfully.

Each series consisted of 1, 2, 3, 5, or 9 maze trials. The monkeys
started with series of 1 and 9 maze trials, and additional series were
added as the monkeys reached an accuracy criterion (see below).
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Figure 1. The maze display used during the series. The goal was
colored green.

Once contact was made with the square at the end of the maze, the
cursor returned to the middle of the maze and a new trial began with
a new, randomly selected goal location. This meant that the animals
could not use learned motor sequences for different numbers of
maze trials because of the high number of variations of placement
of the goals during each series. Completion of individual trials was
not reinforced.

The monkeys involved in this study had been trained previously to
pick the stimulus displaying the largest numerosity from an array. In
contrast, this study required the monkeys to choose only numerical
stimuli that matched the number of maze trials in a series. To avoid
the monkeys’ bias toward picking larger numbers, a same/different
judgment was used instead of a matching-to-sample procedure.

Upon completion of all the maze trials in a series, the maze disap-
peared and two different stimulus choices immediately appeared on
the screen. One choice (the numerical choice) was an Arabic numeral
or visual quantity display and the other was the letter D, for “differ-
ent.” The D was white on a black background and was sized approxi-
mately 3 cm X 3 cm. The Arabic numerals also were white on a black
background, and all were approximately 3 cm X 3 cm. The visual
quantity display used randomly chosen white polygons of different
sizes (hereafter referred to as “dots”) on a black background. These
polygons were unlike the round dot stimuli previously used with the
monkeys in other numerical tasks. There were 10 different polygons
used in the study, varying in approximate size from .5 to .75 cm. Each
polygon in the visual array was placed in a random location within an
invisible 5 X 5 matrix. Both the Arabic numerals and the dots were
presented within a white 5 cm X 5 cm square.

The numerical stimulus presented during the labeling phase al-
ways corresponded to a possible number of maze trials from that
test session. For example, when the monkeys were receiving only 1
or 9 maze trials in a series, the stimuli 1 and 9 (presented as numer-
als or dot quantities) were the only numerical stimuli choices used
in the labeling phase. Within this constraint, the value of the Arabic
numeral or number of dots was selected randomly by the computer
program. The computer program randomly assigned the numerical
stimulus to appear on the left or right side of the screen with the
constraint that no more than four consecutive series could have the
numerical stimulus displayed on the same side. The D appeared on
the opposite side of the screen from the numeral or dot stimulus
(Figure 2).

The type of numerical stimulus (numeral or dot quantity) that
was presented also varied randomly from series to series, with the
constraint that no more than four consecutive series could have the
same type of stimulus. This was to ensure that one type of stimulus
was not presented much more often than another, which would have
caused the monkeys to form a bias toward the particular numeral or
visual display, on the basis of the number of trials received.

If the numeral or visual dot quantity displayed during the labeling
phase matched the number of maze trials in that series, the goal for
the monkey was to move the cursor from the middle of the screen
and make contact with that numerical stimulus. If the numeral or
number of dots did not match the number of maze trials in the series,
the goal was to move the cursor and make contact with the letter D.

Before each labeling phase, the computer program randomly de-
termined whether the correct choice would be “same” or “different.”
Therefore, the correct choice was the dot quantity or numeral for
approximately half of the discriminations and the letter D for the
other half. This ensured that the monkeys needed to use the changing
number of maze trials in order to be reinforced at a greater-than-
chance level.

Correct responses during the labeling phase were rewarded with
sound feedback and the automatic delivery of 94-mg fruit-flavored
pellets. The number of pellets delivered corresponded to the number
of maze trials in that series. For instance, a correct response after a
two-trial series was rewarded with two pellets. Incorrect responses
resulted in a 15-sec time-out and a negative buzzing sound. After the
monkeys had completed the labeling phase of a series, a new series
of maze trials began. To prevent the monkeys from developing a bias
toward the D or the numerical stimuli, incorrect series were repeated
until the monkeys made the correct choices.

The monkeys had continuous access to the task for several hours a
day, several days a week. At the start of testing, they were presented
with randomly intermixed series consisting of 1 or 9 maze trials and
discriminations involving only the numerical stimulus 1 or 9 and
the D. (We started the maze trials with the extreme values of 1 and
9 to aid the monkeys in conceptually connecting the maze trials and
the discriminations.) Trials were administered in 100-series blocks.
One additional numerosity (5, 3, or 2, in that order) was added each
time the monkeys reached a performance level of 70% or better over
the three most recent blocks. These additional numerosities were
randomly intermixed with the familiar numerosities.

The additional numerosities (5, 3, and 2) were all chosen to fa-
cilitate learning of the task. The numeral 5 was chosen to take ad-
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Figure 2. Example of display used during the labeling phase of
a series. The “+” in the center of each figure is the cursor.
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vantage of the distance effect, which suggests that discriminations
are easier when two numbers are farther apart. The numerals 2 and
3 were chosen to take advantage of the magnitude effect, which sug-
gests that when distance is held constant, discriminations are easier
with smaller numbers compared to larger ones (Moyer & Landauer,
1967).

Testing ended for each monkey when it failed to reach criterion
after 30 blocks (3,000 series) with a given set of randomly inter-
mixed numerosities. Additional numerosities were not used because
none of the monkeys achieved the accuracy criterion with the nu-
merosities 1, 2, 3, 5, and 9.

Analyses

As stated previously, when a monkey gave an incorrect response,
the series was repeated until a correct response was given. The first
response was included in analyses, and all correction series were
excluded.

The monkeys were not restrained during this task, so they occa-
sionally took a break to rest, eat, drink water, utilize another enrich-
ment device, or engage in social behavior. This could result in unre-
alistically long trial times, and it caused the mean times to be much
greater than the medians. All series in which a maze trial lasted lon-
ger than 10 sec were excluded from analyses, because this duration
was about three times that of the typical maze trial. Across the four
monkeys, this resulted in the exclusion of an average of 3.73% of
the series. To ensure that the exclusion of these series was justified,
the medians for the maze trials were analyzed. The medians were
comparable to the means obtained when excluding these series, so
the 10-sec trial limit was used in all subsequent analyses.

RESULTS

Table 1 shows the number of blocks (100 series each)
required by each monkey to reach the 70% accuracy crite-
rion after each new numerosity was added. All of the mon-
keys achieved the accuracy criterion when presented with
only the numerosities 1 and 9; three of the four monkeys
reached criterion with the numerosities 1, 5, and 9; and
one monkey reached criterion with the numerosities 1, 3,
5, and 9. However, none of the monkeys was able to reach
criterion when presented with the numerosities 1, 2, 3, 5,
and 9. The number of trials required for the monkeys to
reach criterion with two numerosities was not a good pre-
dictor of how well they performed overall on this task. For
example, Hank required more trials than any other mon-
key to reach criterion with two numerals, but he was the
only monkey to achieve criterion with four numerosities.

Only data from the last 3,000 series performed by the
monkeys were used in subsequent analyses. These trials
were chosen because they contain the greatest range of
numerosities for each monkey and therefore provide the

Table 1
The Number of Blocks (100 Series per Block) Required for
Each Monkey to Reach the 70% Accuracy Criterion on
Each Set of Numerosities

L9 1,5,9 1,3,5,9
Willie 10
Gale 3 3
Lou 4 5
Hank 13 4 10

Note—Empty cells indicate that the monkey did not reach criterion for
that set of numerosities.

greatest opportunity for analyses relevant to the experi-
mental questions and hypotheses. Although the monkeys
did not achieve the 70% accuracy criterion for these tri-
als, they had achieved the accuracy criterion for the pre-
vious set of numbers. Therefore, at the start of the 3,000
series, the monkeys were already performing at greater-
than-chance levels with every numerosity except the most
recent addition.

To assess possible practice effects over the course of
the last 3,000 series (30 blocks), correlation coefficients
were computed for each monkey to determine whether ac-
curacy increased or decreased as block number increased.
No significant correlations (p < .05, two-tailed) were
found for any of the monkeys (Willie, » = .11; Lou, r =
.06; Gale, r = .24; Hank, » = —.18), indicating that the
performance of these monkeys did not change signifi-
cantly. Thus, these 3,000 series represent full, mature per-
formance on the task.

Figure 3 shows the percentage accuracy for each num-
ber of maze trials and each stimulus type. Although Gale
and Willie both show significantly higher accuracy (p <
.05) when presented with numerical stimuli in the form
of Arabic numerals for at least one number of maze tri-
als, there is no consistent pattern to indicate a meaningful
interaction. For example, Gale and Willie were not consis-
tently more accurate on numeral trials than on dot quantity
trials for series with low, high, or intermediate numbers
of maze trials. Lou showed the opposite pattern of per-
formance for series with one maze trial, which provides
further evidence that there is no meaningful interaction
between stimulus type and target number.

A two-way ANOVA of the effect of stimulus and trial
type on accuracy was performed, using data from all four
monkeys. Stimulus type refers to the form in which the
numerosity was presented (numeral or dot quantity) and
trial type refers to the correct response required for that
trial (the numerical stimulus or the D). Although power
was low, this analysis yielded no significant differences
[stimulus type, F(1,3) = 3.33,p = .17, = .53, observed
power = .25; trial type, F(1,3) = 1.63,p = .29, n? = .35,
observed power = .15; stimulus type X trial type interac-
tion, F(1,3) = 1.20, p = .35, 5> = .29, observed power =
.12]. Descriptive statistics also indicate that there was no
bias toward one type of stimulus or trial type [dots with a
numerical stimulus response M(SD) = 62.52% (8.50%);
dots with a D response M(SD) = 63.03% (8.87%); numer-
als with a numerical stimulus response M(SD) = 72.55%
(3.36%); numerals with a D response M(SD) = 62.77%
(3.81%)]. Given this result of no difference in perfor-
mance as a function of the form of the numerical stimulus
presented at the labeling phase of the series, trial type and
stimulus type were combined for all subsequent analyses,
unless otherwise noted.

To test for a distance effect, the accuracy of all four
monkeys was regressed on the numerical difference be-
tween the number of maze trials completed and the nu-
merical stimulus that was presented during the labeling
phase. The regression analysis revealed that accuracy
was positively associated with the difference [F(1,15) =
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Figure 3. Percent accuracy for each type of stimulus and each
number of maze runs. The dotted line denotes chance level. Error
bars denote 95% confidence intervals.
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48.55, p < .05, R? = .76]. It must be noted, however, that
practice effects may have contributed to this correlation.
The monkeys had the most practice with the numerosities
1 and 9, which are also the two numerosities farthest apart
in distance. The magnitude of the numerosities involved
could also have affected the correlation. To take into ac-
count the magnitude of the numerosities as well as their
numerical distance, accuracy was regressed on the ratio
of the smaller numerosity to the larger numerosity used

in each series. For example, if a monkey completed one
maze trial and was presented with the numeral 5 during
the labeling phase, the ratio would equal 0.2. This regres-
sion analysis revealed that accuracy was significantly as-
sociated with ratio [F(1,20) = 63.39, p < .01, R2 = .76].
This effect is illustrated in Figure 4.

To determine whether the monkeys were using the com-
bined duration of the maze trials, instead of their numeri-
cal value to perform this task, data were analyzed from
all of the trials on which the monkeys chose the numeri-
cal stimulus during the discrimination trial. We chose to
look at this question post hoc rather than controlling for
duration experimentally, because manipulating the dura-
tion of the trial would have caused other factors, such as
rate of maze completion, to covary with the number of
trials in a series. If the monkeys were using duration as
a cue to this task, incorrect trials in which the monkeys
chose a numerosity smaller than the number of maze tri-
als performed should have occurred when the total dura-
tion of the maze trials was shorter than usual when they
responded correctly for a given number of maze trials
(i.e., incorrect maze trial duration < mean correct maze
trial duration). In contrast, incorrect trials in which the
monkeys chose a numerosity larger than the number of
maze trials performed should have occurred when the
total duration of the maze trials was larger than it usually
was for correct trials (i.e., incorrect maze trial duration >
mean correct trial duration).

For each monkey, a one-way ANOVA assessing the ef-
fects of trial type on the total duration of the maze trials
was performed for each number of maze runs. The types
of trial were categorized as those in which the monkey
chose a numerical stimulus larger than the number of
maze runs, those in which the monkey chose a numeri-
cal stimulus smaller than the number of maze runs, and
those in which the monkey correctly chose the numerical
stimulus. The only significant effect was found for Willie.
For trials in which he performed only one maze run, his
maze trial durations were significantly shorter on trials
in which he chose a numerical stimulus larger than the
number of maze trials compared with trials in which he
correctly chose the numerical stimulus [F(1,405) = 4.49,
p < .05, n2 = .01]. This effect is opposite to what was
predicted for a strategy involving duration as a cue to the
correct response. Thus, none of the monkeys used differ-
ences in maze completion duration as the cue for which
stimulus to select during the labeling phase.

DISCUSSION

During the course of this study, the monkeys learned to
label a series of sequentially completed maze trials with
the corresponding Arabic numeral or visual dot quantity
(or a D if the numerical option was not equal). All of the
monkeys learned to match randomly intermixed series of
1 or 9 maze trials with the correct Arabic numeral or visual
quantity when tested with a same/different discrimination.
This provides evidence that the monkeys understood the
task on some level and conceptually connected the maze
series with the same/different discriminations.



58 HARRIS, WASHBURN, BERAN, AND SEVCIK

100

O
o
> 1 e

o]
o
*

[e)] ~
o o
1

Percent Accuracy
S w
o o
o

w
o

N
o

A Willie
mGale
=Lou

¢ Hank

_
o

o

0 A 2 3 4 5 .6 7
Ratio

Figure 4. Accuracy as a function of the ratio of the smaller nu-
merosity to the larger numerosity.

This part of the task, however, could be performed by
representing the number of maze trials simply as “few”
and “many” (or “one and “many”’), without represent-
ing the number of maze runs as a specific quantity. In
fact, Willie seems to have used one of those strategies
throughout this experiment. Willie achieved an accuracy
level of 70% fairly quickly when presented with series of
one and nine maze trials, but he did not achieve the ac-
curacy criterion when the numerosity 5 was added. His
pattern of errors revealed that after performing one maze
run he almost never chose the numerosities 5 or 9, but
after performing five maze runs he was more likely to
choose 9 than 1, and after performing nine maze runs he
was more likely to choose 5 than 1. This indicates confu-
sion between the numerosities 5 and 9 that was not present
for the numerosity 1.

Two of the monkeys participating in this study achieved
accuracies greater than 70% for the numerosities 1, 5, and
9 within the first 500 presentations, but they did not reach
criterion when the numerosity 3 was added to the experi-
mental set. Their ability to perform the task with three nu-
merosities indicates that their representation of the maze
runs went beyond a simple representation of “one” and
“many.”

The fourth monkey in the study, Hank, performed the
task with the numerosities 1, 3, 5, and 9, but failed to
achieve the 70% accuracy criterion after the numerosity
2 was added to the set. It is important to note that these
numerosities were randomly intermixed, so Hank never
received blocks of series containing only one numerosity.
Rather, each new series of maze trials could consist of any
of the numerosities in the set.

The monkeys were reinforced for correct choices with
a number of pellets equal to the number of maze trials
performed in the just-completed series as a motivation to
complete the longer series. This did cause a slight high-
number choice bias on pairs of trials in which the distance
and magnitude of the two numerosities were the same.

For instance, the monkeys were less accurate on trials in
which they ran one maze trial and were presented with the
numerosity 9 than they were on trials in which they ran
nine maze trials and were presented with the numeros-
ity 1 (an average accuracy of 79% in the former case and
95% in the latter). However, this bias did not prevent any
of the monkeys from exceeding 70% accuracy for trials in
which they performed one maze run and were presented
with the tempting numerosity 9. The bias was even less
pronounced for the numerosities 2, 3, and 5.

There is some evidence that the monkeys were using
an approximate and variable representation of the number
of maze runs to perform this task. Accuracy increased as
a function of distance between the number of maze tri-
als and the numerosity presented during the discrimina-
tion. Accuracy also decreased as a function of the ratio
of the smaller numerosity to the larger numerosity used
in each series, as predicted by Weber’s law. Although a
greater amount of practice with the numerosities 1 and 9
as compared to other numerosity pairs may have contrib-
uted to this correlation, a distance effect and adherence to
Weber’s law would occur if the monkeys’ numerical rep-
resentations were composed of inexact magnitudes. This
is because inexact magnitudes would be more difficult
to compare when the numerosities were close in distance
and/or large in magnitude (Dehaene, 1997; Gallistel &
Gelman, 2000).

The monkeys’ error patterns were not related to the
amount of time they spent on the maze trials in each se-
ries. The monkeys did not tend to choose numerosities that
were higher than the correct choice after spending more
time than usual on a particular series; therefore, they were
not using duration alone as a cue to performing this task.

It is interesting that the monkeys performed equally
well when the numerical stimulus was in Arabic numeral
or visual dot quantity form. Although the visual quanti-
ties provide more inherent numerical information than the
numerals, the monkeys have had a variety of testing expe-
riences involving Arabic numerals. Their ability to match
a series of maze trials to either a visual quantity or an
Arabic numeral indicates flexibility in their performance
Strategy.

The ability of the monkeys to perform this task is im-
pressive, due to the working memory demands and the ab-
sence of perceptual cues, such as surface area or density,
to aid in the formation of their numerical representations.
The monkeys were required to form a representation of
a series of events, which lacked standard perceptual fea-
tures, to update this representation throughout the series
of maze trials, and to keep this representation in working
memory while they chose the appropriate stimulus during
the same/different discrimination. Previous studies have
found that nonhuman primates are capable of represent-
ing, combining, and comparing nonvisible, sequentially
presented sets of items (e.g., Beran, 2001; Call, 2000;
Hauser et al., 2000). This experiment provides strong evi-
dence that monkeys can enumerate, albeit approximately,
their own sequential responses, and can match the number
of responses with the corresponding Arabic numeral or
visual quantity.
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