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Abstract Quantity discrimination abilities are seen in a di-
verse range of species with similarities in performance pat-
terns, suggesting common underlying cognitive mechanisms.
However, methodological factors that impact performance
make it difficult to draw broad phylogenetic comparisons of
numerical cognition across studies. For example, some Old
World monkeys selected a higher quantity stimulus more fre-
quently when choosing between inedible (pebbles) than edible
(food) stimuli. In Experiment 1 we presented brown capuchin
(Cebus [Sapajus] paella) and squirrel monkeys (Saimiri
sciureus) with the same two-choice quantity discrimination
task in three different stimulus conditions: edible, inedible,
and edible replaced (in which choice stimuli were food items
that stood in for the same quantity of food items that were
given as a reward). Unlike Old World monkeys, capuchins
selected the higher quantity stimulus more in the edible con-
dition and squirrel monkeys showed generally poor perfor-
mance across all stimulus types. Performance patterns

suggested that differences in subjective reward value might
motivate differences in choice behavior between and within
species. In Experiment 2 we manipulated the subjective rein-
forcement value of the reward by varying reward type and
delay to reinforcement and found that delay to reinforcement
had no impact on choice behavior, while increasing the value
of the reward significantly improved performance by both
species. The results of this study indicate that species present-
ed with identical tasks may respond differently to methodo-
logical factors such as stimulus and reward types, resulting in
significant differences in choice behavior that may lead to
spurious suggestions of species differences in cognitive
abilities.

Keywords Numerical processing .Motivation . Subjective
reinforcement . Delay to reinforcement

The ability to discriminate between quantities has been shown
by a diverse range of species including primates, birds, dol-
phins, fish, rodents, and canids (nonhuman primates: Addessi,
Crescimbene, & Visalberghi, 2008; Beran, 2001; Jordan &
Brannon, 2006; dolphins: Kilian, von Fersen, & Gunturkun,
2003; birds: Kelly, 2016; fish: Agrillo, Dadda, & Bisazza,
2007; Agrillo, Dadda, Serena, & Bisazza, 2008; rodents:
Panteleeva, Reznikova, & Vygonyailova, 2013; canids: Baker,
Shivik, & Jordan, 2011; Utrata, Viranyi, &Range, 2012).Many
show similar performance patterns that may indicate common
underlying cognitive mechanisms. For example, when choos-
ing the larger quantity stimulus from two choices, many species
show a ratio effect consistent with Weber’s law, showing in-
creased response latency and decreased accuracy with increas-
ing ratio between the two comparator quantities (e.g., 2 vs. 3
has a ratio of 0.67, 4 vs. 5 has a ratio of 0.80), and a distance
effect, showing increased accuracy and decreased response
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latency with increasing distance between the two comparator
quantities (e.g. 2 vs. 3 has a distance of 1, 2 vs. 5 has a distance
of 3; baboons: Barnard et al., 2013; humans: Cantlon &
Brannon, 2006; capuchin monkeys: Evans, Beran, Harris, &
Rice, 2009; fish: Gomez-Laplaza & Gerlai, 2016; apes:
Hanus & Call, 2007; rhesus monkeys: Jordan & Brannon,
2006; jays: Kelly, 2016; lemurs: Merritt, Maclean, Crawford,
& Brannon, 2011; pigeons: Roberts, 2005; but see wolves:
Utrata et al., 2012). These consistencies in performance suggest
a shared approximate representation of quantity across species
(Beran, 2008; Cantlon, 2012).

Despite similarities in quantity discrimination performance
patterns, differences in success across species may indicate
informative species differences in numerical competence
(Agrillo & Bisazza, 2014). For example, in contrast to orang-
utans, gorillas performing a quantity discrimination task re-
quire more extensive training to reach above-chance perfor-
mance and perform less accurately overall (Anderson,
Stoinski, Bloomsmith, & Maple, 2007; Anderson et al.,
2005). This may suggest that gorillas and orangutans differ
fundamentally in the cognitive mechanisms they employ to
discriminate quantities. However, quantity discrimination
tasks require integration of many fundamental cognitive pro-
cesses to produce the final behavioral output. For example,
animals must be motivated to perform the task, attend to the
stimuli, inhibit tendencies to reach for the first choice they see,
and accurately represent the choice stimuli as quantities before
making the critical task comparison. Differences in choice
behavior are therefore not limited to differences in quantity
discrimination ability but may be explained by differences at
any point in the processing chain. For example, gorillas and
orangutans may employ the same cognitive processes when
comparing quantities, but gorillas could be less motivated to
obtain the food rewards, resulting in the observed poor perfor-
mance. Dissociating the contributions of basic cognitive pro-
cesses to performance on these tasks is therefore essential for
making broader phylogenetic comparisons of numerical cog-
nition (Agrillo & Bisazza, 2014).

To determine how basic cognitive processes impact quan-
tity discrimination abilities in Old World monkeys, Schmitt
and Fischer (2011) studied the impact of stimulus format
and reward contingency on choice behavior in olive baboons
(Papio anubis) and long-tailed macaques (Macaca
fascicularis). Monkeys chose between two quantities of items
and received a food reward corresponding to the number of
stimuli in the option they selected. Stimuli were presented in
three conditions: edible, in which the choice stimuli were the
food items used as a reward; inedible, in which the choice
stimuli were inedible pebbles that stood in for the same quan-
tity of food items that were given as a reward; and edible
replaced, in which choice stimuli were food items that stood
in for the same quantity of food items that were given as a
reward. Each condition was preceded by a short training phase

to assure that monkeys were familiar with the choice and
reward contingencies in that condition. The Old World mon-
keys chose the higher quantity stimulus less frequently in the
edible condition than in the inedible and edible replaced con-
ditions (Schmitt & Fischer, 2011). Despite significant perfor-
mance differences across stimulus types, consistent above-
chance performance, ratio, and distance effects suggest that
animals were relying on the same approximate magnitude
system when making their choices across all conditions.
Higher accuracy with inedible than edible stimuli may there-
fore be driven by differences in basic processing of the choice
items. For example, the visual presence of food in the edible
conditions may make it more likely that a monkey will make
the first available response, rather than taking time to compare
the choices and make the response that would maximize their
rewards (Schmitt & Fischer, 2011). However this lack of in-
hibitory control (Brucks, Soliani, Range, & Marshall-Pescini,
2017) alone could not explain the results, as it would predict
poor performance in the edible replaced condition, where food
items were also used as choice stimuli. The authors suggest
that the best explanation for the differences in choice behavior
across the three stimulus conditions by Old World monkeys
may be that they are unable to represent the food items in the
edible condition as both the choice stimuli and the reward.
Difficulty with this Bdual representation^ of food items would
drive down performance in the edible condition but would not
impact choice behavior in the inedible or edible replaced con-
ditions in which there were distinct choice and reward items
(Schmitt & Fischer, 2011). As different stimulus processing
mechanisms predict distinct performance patterns across con-
ditions, stimulus manipulations in quantity discrimination
tasks may be particularly informative for determining the role
of basic cognitive processes in choice behavior.

Data from capuchin monkeys suggest that there may be
some qualitative difference in how New and Old World pri-
mates process edible and inedible stimuli in quantity discrim-
ination tasks. Capuchin monkeys, a New World primate spe-
cies, presented with edible and inedible choice stimuli show
the opposite effect to that shown by baboons and macaques,
showing lower accuracy on quantity discrimination, size dis-
crimination, and delayed gratification tasks with inedible
items than with edible items (Addessi et al., 2008; Evans,
Beran, Paglieri, & Addessi, 2012; Truppa, Carducci,
Trapanese, & Hanus, 2015). However, capuchin monkeys
are the only species of New World primate that has been
systematically tested with both edible and inedible stimuli,
and due to differences in methodologies across studies it is
not possible to draw comparative conclusions about the
impact of stimulus type on choice behavior. In Experiment
1, we applied the same methods as those presented in
Schmitt and Fischer (2011) to capuchin and squirrel monkeys,
expanding the species tested and allowing for direct compar-
isons of the impact of stimulus format on quantity
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discrimination across these primate groups. To further disen-
tangle possible factors influencing choice in the quantity dis-
crimination task, in Experiment 2 we manipulated the value of
the reward to assess how motivation differences influenced
choice behavior between and within species.

Experiment 1

Both capuchin and squirrel monkeys can discriminate quanti-
ties. Squirrel monkeys chose the larger quantity of food in a
two-choice task (McKenzie, Cherman, Bird, Naqshbandi, &
Roberts, 2004), the smaller quantity of food in a reverse-
reward contingency task (Anderson, Awazu, & Fujita, 2000,
2004), can learn relative quantity discriminations with inedi-
ble choice stimuli (Terrell & Thomas, 1990; Thomas&Chase,
1980; Thomas, Fowlkes, & Vickery, 1980), and learn to select
the larger Arabic numeral when those numerals are associated
with the corresponding quantity of food (Olthof, Iden, &
Roberts, 1997). Capuchin monkeys select the larger quantity
of items when presented with edible (Addessi et al., 2008;
Beran, Evans, Leighty, Harris, & Rice, 2008b) and inedible
choice stimuli (Addessi et al., 2008), and individuals trained to
order quantities 1–4 spontaneously transfer to quantities 5–9
(Judge, Evans, & Vyas, 2005). That both species can
discriminate quantities with edible and inedible stimuli
indicates they are promising New World primate species in
which to study the impact of stimulus type on quantity
discrimination.

Method

Subjects and housing Subjects were seven brown capuchin
monkeys (Cebus [Sapajus] apella; five females; mean age
8.43 + 3.51 years) and six squirrel monkeys (Saimiri sciureus;
six females; mean age 10.17 + 3.49 years) housed in social
colonies at Bucknell University. All subjects had extensive
experience with manual cognitive testing (e.g., Judge &
Bruno, 2012; Judge, Evans, Schroepfer, & Gross, 2011;
Kurdziel & Judge, 2007; Marsh, Vining, Levendoski, &
Judge, 2015; Zander & Judge, 2015) but not with quantity
discrimination specifically. All subjects were tested alone in
their home cage by temporarily closing off small sections of
the housing area. Animals maintained visual and auditory
contact with their social group during testing. Food and water
were available ad libitum.

Apparatus Choices were presented on top of a flat table-like
surface approximately 0.86 m × 0.35 m × 1.42 m that allowed
monkeys to sit on a perch in their home cage and interact with
the choices. Each trial presented two choice quantities of stim-
uli presented on opaque plastic plates (13.97 cm × 13.97 cm)

that covered opaque Tupperware containers (13.97 cm ×
13.97 cm × 6.4 cm deep). For the inedible and edible replaced
conditions the food rewards were placed out of sight under the
opaque plastic plates that held the choice stimuli. Rewards
(and choice stimuli for edible and edible replaced conditions)
consisted of one-eighth piece of a grape. All quantities of food
reinforcers and choice stimuli therefore refer to one eighth of a
grape. Choice stimuli for the inedible condition were black
aquarium marbles.

Procedure

General procedure All procedures were approved by the
Bucknell IACUC. Bucknell University’s research facility is
accredited by the USDA.

Each trial began with an opaque occluder placed between
the subject and the choice containers to block the view of the
trial setup. Once stimuli and rewards were in place, the
occluder was raised and the subject was prompted to make
their choice by the vocal cue BWhich one [name of subject].^
During this prompt, the experimenter placed her hands at her
sides and stared at the center of the choice tray with her head
tilted down to avoid cueing the subject toward either choice.
Subjects indicated their choice by pointing to or reaching for
one of the two choice quantities. Subjects received the number
of food rewards corresponding to the number of choice stimuli
they selected, regardless of whether they chose the smaller or
larger quantity. Chosen food rewards were placed into the
experimenter’s open palm and then offered to the subject.
Subjects could only choose one option per trial. The location
of the larger quantity stimulus varied semirandomly across
trials. All training and testing sessions consisted of 10 trials.
Subjects received one session per day, 5 days per week. Trials
were video recorded.

Conditions Subjects received three different testing condi-
tions—edible, inedible, and edible replaced—that varied in
the type of stimuli used to represent the quantities (see Fig.
1). Each condition consisted of both a training and a testing
phase. The three conditions were presented sequentially with
the order of presentation counterbalanced across subjects.

Edible condition.A quantity of grape pieces was present-
ed on each of the two choice plates. After pointing to one
of the two choices, the stimulus grapes from the top of the
plate were placed into the experimenter’s open palm and
offered to the monkey.
Inedible condition.A quantity of round, black, uniformly
sized aquariummarbles was presented on each of the two
choice plates. After monkeys made their choice by
pointing to one of the two choices, the plate holding the
marbles for that choice was removed, and the monkey
received that quantity of grapes held underneath. These
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rewards were placed into the experimenter’s open palm
and presented to the subject. Monkeys could not see the
food reward at the time of their choice.
Edible replaced condition. At choice this condition
looked identical to the edible condition: monkeys chose
between two quantities of grapes presented on the choice
plates. However, they did not receive the grapes on the
plate they chose. Instead, as in the inedible condition, the
choice plate was removed and monkeys received an iden-
tical quantity of grapes hidden in the container under the
plate. Rewards were placed into the experimenter’s open
palm and presented to the subject.

Training Each of the three conditions began with a training
phase. These training phases exposed the subjects to the stim-
ulus contingency for that condition. Subjects received 10 trial
sessions containing quantity pairs 2 versus 7 and 1 versus 6
semirandomly intermixed (five trials of each quantity pair)
until they chose the larger quantity on eight of 10 trials
(80% accuracy) for one session. After reaching this criterion,
subjects moved on to the testing phase for that condition.

Testing Testing differed from training in that primates were
presented with 20 novel quantity pair combinations of quantities
1 through 8 (see Table 1). Each individual received four 10-trial
sessions per condition, with each of the 20 possible quantity
pairs presented semirandomly twice over the course of the four
sessions, resulting in a total of 40 test trials. Pairs differed in the
numerical distance between the two quantities and in the numer-
ical ratio between the two quantities (see Table 1).

Data analysis A semirandom subset of videotaped trials
across conditions and subjects were scored to determine the
delay between choice and receiving a reward. A repeated-
measures ANOVA compared this delay to reinforcement
across the three conditions (edible, edible replaced, inedible).

Correct choices were scored as the choice of the higher
quantity item in the pair. Analyses focused on pairs with a

distance greater than zero. One-sample t tests compared per-
formance to 50% chance level. To account for both repeated
sampling of individual subjects across three conditions and
the comparison between species, linear mixed-effect models,
with subject as a random factor, were conducted (Boisgontier
& Cheval, 2016; Bolker et al., 2009). Linear mixed-effect
models confer an advantage over traditional ANOVAs for
analyzing repeated-measures data in that they use all available
data for each subject, do not require assumptions of sphericity,
are unaffected by missing data, and can account for variation
between individuals (random effects; Gueorguieva & Krystal,
2004). The model analyzing choice behavior during test trials
across the three conditions included main effects of condition
order (first, second, third), the natural log of the ratio between
quantities in a pair, and the distance between the quantities in a
pair on performance. If subjects showed an effect of ratio and
distance, it would suggest that they were attending to the rel-
ative quantities of the items in the pairs when making their
choices. The model additionally included main effects of spe-
cies (capuchin, squirrel monkey), condition (edible, inedible,
and edible replaced), and the interaction between these vari-
ables (species × condition) on choice behavior. A significant
interaction between species and condition would indicate dif-
ferences in performance patterns across the conditions by each
species, suggesting differences in processing of the stimulus
types. Models were fitted using software R Version 3.1.2 (R
Core Team, 2014) and R package lmerTest (Kuznetsova,
Brockhoff , & Chris tensen, 2015) . Sat ter thwai te

Fig. 1 Experimental set up for (left) edible, (center) edible replaced, and
(right) inedible conditions. Images on the top show stimuli visible to the
monkeys at the time of choice. Choice stimuli for edible and edible
replaced conditions were one-eighth pieces of grapes; choice stimuli for

the inedible condition were round aquarium marbles. Images on the
bottom show reward stimuli for the edible replaced and inedible
conditions after the plates containing the choice stimuli has been removed

Table 1 Pairs of numerical quantities presented in the test phases

0 1 2 3 4

1:1 (1.00) 2:1 (0.5) 3:1 (0.33) 4:1 (0.25) 5:1 (0.20)

2:2 (1.00) 3:2 (0.67) 4:2 (0.50) 5:2 (0.40) 6:2 (0.33)

3:3 (1.00) 4:3 (0.75) 5:3 (0.60) 6:3 (0.50) 7:3 (0.43)

4:4 (1.00) 5:4 (0.80) 6:4 (0.67) 7:4 (0.57) 8:4 (0.50)

Note. Columns indicate distance between items. Ratios between the test
items in each pair indicated in parentheses. Distance 0 pairs were added as
a side bias check in case of chance performance
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approximations were used to approximate significance levels
and degrees of freedom. Degrees of freedom for linear mixed-
effect models are higher than traditional ANOVAs because
linear mixed-effect models take every trial into account, rather
than focusing on subject averages. For all group difference
parameter estimates, 95% confidence intervals are presented
as standardized measures of effect sizes, and slopes and stan-
dard errors are presented for all continuous variables. All tests
used an alpha level of p = .05, except in cases with multiple
comparisons, where a more conservative value of p = .01 was
used. Mean choice of the higher quantity stimulus and stan-
dard deviations for each condition are presented in text and
presented for each test pair across all conditions in the
Supplemental Materials (Tables S1 and S2).

Results

Training There were no differences in the number of training
sessions required to reach criterion between conditions or spe-
cies (M = 2.51 + 1.81), linear mixed-effect model, condition ×
species; main effect of condition, F(2, 22) = 0.368, p = .696;
main effect of species, F(1, 11) = 0.001, p = .974, 95% CI
[−1.48, 2.38]; species × condition interaction, F(2, 22) =
2.382, p = .116.

Testing Using a conservative p value of .01 to correct for
multiple comparisons, one-sample t tests revealed that both
species selected the higher quantity item significantly above
chance on test trials in all conditions, except for the squirrel
monkeys in the edible condition, where they were trending
toward above-chance performance, t(5) = 3.94, p = .011 (see
Table 2 and Fig. 2). A linear mixed-effect model revealed
significant main effects of ratio and distance consistent with
Weber’s law and the distance effect; choice of the higher quan-
tity stimulus increased as the ratio between the stimuli de-
creased (slope = −0.10, SE = 0.04), F(1, 1244) = −5.47, p =
.020, 95% CI [0.02, 0.18], and distance between the stimuli
increased (slope = 0.03, SE = 0.01), F(1, 1244) = 5.26, p =
.022, 95% CI [0.01, 0.06]. As in Old World monkeys, these
patterns suggest that monkeys were comparing the quantities
of the stimuli when making choices, and provide further
evidence for an approximate magnitude representation under-
lying quantity discrimination across primates (Barnard et al.,
2013; Beran, 2008; Cantlon & Brannon, 2006; Cantlon, 2012).

The linear mixed-effect model also showed no main effect
of condition order, F(1, 1246) = 0.02, p = .888, 95% CI
[−0.03, 0.03], on choice behavior. There was no main effect
of condition, F(2, 1246) = 2.36, p = .095, but a significant
main effect of species, F(2, 11) = 12.90, p < .004, 95% CI
[−0.33, −0.14], and a significant interaction between species
and condition, F(2, 1245) = 5.51, p < .004. The significant
effect of species indicates that overall, capuchins choose the

larger quantity more frequently than did squirrel monkeys.
The significant interaction between species and condition in-
dicates differences in choice patterns across the three stimulus
conditions by capuchins and squirrel monkeys (see Fig. 2).
Two follow-up linear mixed models (one per species) with
subject as a random factor and condition as a fixed factor were
used to clarify the species × condition interaction. Models
revealed that the significant interaction between species and
condition was driven by high levels of choice of the higher
quantity stimulus by capuchin monkeys in the edible condi-
tion (contrasts on main effect of condition): edible vs. edible
replaced, t(663) = −2.57, p = .01, 95% CI [−0.17, −0.02];
edible vs. inedible, t(663) = −3.97, p < .001, 95% CI [−0.23,
−0.08]. Choice behavior by capuchins did not differ between
the inedible and edible replaced conditions, t(663) = 1.40, p =
.161, 95% CI [−0.02, 0.13], and squirrel monkeys showed no
differences in choice behavior across the three conditions
(contrasts on main effect of condition, all ps > .10).

A repeated-measures ANOVA on the delay between choice
and receiving reinforcement across the three conditions re-
vealed that delay to reinforcement was shortest in the edible
condition, followed by the edible replaced condition, with the
inedible condition showing the longest delay (MEdible = 2.42 s +
1.10; MEdibleReplaced = 3.91 s + 0.81; MInedible = 5.33 s + 0.85),
main effect of condition, F(2, 27) = 25.50, p < .001, ηp

2 = 0.65.
This was due to the added time in the edible replaced and
inedible conditions to remove the plate holding the choice stim-
uli and lift the food rewards from inside the container.

Discussion

Performance patterns across the three stimulus conditions by
capuchin and squirrel monkeys differed from those of Old
World monkeys tested using the same methods (Schmitt &
Fischer, 2011). Baboons and macaques chose the higher quan-
tity stimulus significantly less in the edible condition than in
the other conditions. Consistent with previous literature
(Addessi et al., 2008), capuchinmonkeys showed the opposite
pattern, selecting the higher quantity stimulus more frequently
in the edible condition than in either of the other two condi-
tions. Squirrel monkeys showed no differences in choice be-
havior across the three conditions. That, like Old World mon-
keys, NewWorld monkeys overall showed above-chance per-
formance, ratio, and distance effects suggests that all species
were attending to the relative quantity of the stimuli when
making their choices and were likely relying on similar ap-
proximate magnitude representations to make their choices.
Differences in performance patterns across the species are
therefore likely driven by differences in basic processing of
the choice stimuli.

While performance patterns by Old World monkeys may
be best explained by difficulty representing edible stimuli as
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both choice and reward (Schmitt & Fischer, 2011), this mech-
anism cannot account for the performance patterns shown by
New World monkeys. One of the most salient differences
between the edible and inedible stimuli is the visual access
to food reward. This obvious presence of food could result in
two opposite performance patterns for edible stimuli. First, the
presence of edible stimuli could result in low inhibitory con-
trol that leads to decreased accuracy (Boysen, Berntson,
Hannan, & Cacioppo, 1996). Inhibitory control is the ability
to inhibit an immediate action in favor of a more advantageous
behavior (Brucks et al., 2017). Monkeys with poor inhibitory
control would bemore likely to respond to the first choice they
see on a quantity discrimination task rather than taking the
time to make an accurate discrimination and select the higher
quantity stimulus. Inhibitory control may be particularly dif-
ficult when presented with visible edible stimuli; indeed, apes
and capuchin monkeys perform worse on reverse-reward con-
tingency tasks with visible food rewards than when food is
covered (Vlamings, Uher, & Call, 2006) or represented by
tokens (e.g., Arabic numerals or Blow value^ and Bhigh value^
tokens; Addessi & Rossi, 2011; Boysen et al., 1996).
Differences in inhibitory control between species could

therefore lead to differences in performance on quantity-
discrimination tasks, such that those with poor control would
perform worse on discriminations with visible edible stimuli
than with inedible stimuli. However, capuchin monkeys in the
present experiment chose the higher quantity stimulus most
frequently in the edible condition, which would require the
highest levels of inhibitory control. Inhibitory control alone
is therefore not sufficient to explain stimulus-specific perfor-
mance patterns by capuchin monkeys. As squirrel monkeys
showed equally low rates of choice of the higher quantity item
across all stimulus conditions, it is possible that they exhibit
generally low inhibitory control, selecting whichever choice is
most readily available. However, squirrel monkeys have been
shown to systematically select a lower quantity of preferred
food over a higher quantity of less preferred food, suggesting
that they can inhibit their tendency to reach for a larger quan-
tity in favor of a more desired reward (McKenzie et al., 2004).

Second, visual access to food reward at choice could result
in increased motivation to obtain rewards. Importantly, on
quantity-discrimination tasks such as those presented in
Experiment 1, there is no Bincorrect^ response—animals are
reinforced regardless of their choice. Selection of the higher
quantity stimulus therefore must be driven not just by a drive
to obtain rewards but by a drive to obtain the most rewards.
Quantity discrimination tasks may therefore be particularly
susceptible to the influence of motivation. Monkeys perform
better and faster on cognitive tasks when they are more highly
motivated (Gossette & Feldman, 1968; Minamimoto, La
Camera, & Richmond, 2009; Schrier & Harlow, 1956;
Schubiger, Kissling, & Burkart, 2016). Motivation levels are
related to the subjective value of the reward, which can be
based on a combination of objective features, such as rein-
forcement rates (Schubiger et al., 2016) or the quantity and
visual availability of food (Minamimoto et al., 2009; Schrier
& Harlow, 1956; Veling & Bijleveld, 2015), and subjective
features, such as internal drive state or preference for food
type (Gossette & Feldman, 1968; McKenzie et al., 2004;
Minamimoto et al., 2009). Visual access to food rewards in
the case of edible choice stimuli may therefore increase the
subjective value of the reward, resulting in increased

Table 2 Means (proportions), standard deviations, results of one-sample t tests, and 95% confidence intervals on proportion choice of higher quantity
stimulus for capuchin and squirrel monkeys in Experiment 1

Species Edible Edible replaced Inedible

Capuchins M = 0.87 + .34 M = 0.77 + .42 M = 0.72 + .46

t(6) = 13.84, p < .001
95% CI [0.31, 0.44]

t(6) = 8.14, p < .001
95% CI [0.20, 0.36]

t(6) = 4.70, p = .003
95% CI [0.11, 0.34]

Squirrel monkeys M = 0.64 + .48 M = 0.70 + .46 M = 0.66 + .47

t(5) = 3.94, p = .011
95% CI [0.05, 0.23]

t(5) = 4.49, p = .006
95% CI [0.09, 0.31]

t(5) = 4.44, p = .007
95% CI [0.07, 0.25]

Note. Results presented in italics indicate above-chance performance using p = .01

Fig. 2 Proportion choice of higher quantity stimulus across the three
conditions (edible, edible replaced, and inedible) for capuchins and
squirrel monkeys. Error bars represent standard error of the mean
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motivation to select the higher quantity stimulus. However, if
the visual presence of food motivated capuchin monkeys to
select the higher quantity item more frequently in the edible
condition, they should have shown similar performance pat-
terns in the edible replaced condition, where food was also
visible at choice. Capuchins chose the higher quantity item
significantly less frequently in the edible replaced condition,
suggesting the visual access to reward alone is not sufficient to
explain their choice behavior. However, the edible condition
differed from the inedible condition in one other important
aspect that may have resulted in higher subjective reward
values; the delay to reinforcement was significantly shorter
in the edible condition than in the inedible condition. This is
consistent with previous studies in which edible stimuli are
often associated with a shorter delay to reward than are ined-
ible stimuli. For example, edible stimuli are generally present-
ed directly to the subject after choice, while inedible stimuli,
such as tokens, often must be traded back to the experimenter
to receive the reward (Addessi et al., 2008; Evans et al., 2012).
Importantly, decreasing the delay to receive the reward in-
creases the subjective value of a reinforcer (see Mazur,
2001, for review; Minamimoto et al., 2009). The relatively
short delay to reinforcement in the edible condition may there-
fore have increased the subjective value of the reward,
resulting in the choice patterns shown by capuchin monkeys.

Capuchins may have been more motivated to obtain re-
wards in the edible condition due to higher subjective reward
value from either the visual availability of food items, the
relatively short delay to reinforcement, or a combination of
both. The generally low selection of the higher quantity item
by squirrel monkeys may be explained by poor inhibitory
control, although previous research suggest that in certain
tasks squirrel monkeys can exercise control (McKenzie
et al., 2004). While many studies have shown that capuchin
monkeys can consistently discriminate quantities (Addessi
et al., 2008; Beran et al., 2008a, b; Evans et al., 2009; Judge
et al., 2005), the results of quantity discrimination studies with
squirrel monkeys have been mixed (Adachi, Anderson, &
Fujita, 2011; McKenzie et al., 2004; Thomas & Chase,
1980; Thomas et al., 1980). It is therefore possible that capu-
chin monkeys are qualitatively better at discriminating quan-
tities than are squirrel monkeys, and that the present quantity-
comparison task approached the limits of quantity-
discrimination ability by squirrel monkeys. Alternatively,
while grapes were rewarding enough to support learning and
regular participation in the study by squirrel monkeys, squirrel
monkeys may have assigned a lower subjective value to these
rewards than did capuchin monkeys. Like capuchins in the
inedible condition, squirrel monkeys may have been poorly
motivated to obtain the maximum number of rewards in all
conditions, resulting in lower rates of selection of the higher
quantity stimulus. Previous research partially supports this
hypothesis—two squirrel monkeys choosing between quantities

of food items performed at chance when choosing between
nonpreferred food items, but performance by one of the subjects
increased significantly when choosing between preferred food
items (McKenzie et al., 2004; Olthof et al., 1997).

In Experiment 2 we introduced two subjective motivation
manipulations—changing the delay to reinforcement and of-
fering preferred food items as rewards—to determine whether
the within and between species performance differences ob-
served in Experiment 1 could be explained by differences in
motivation to obtain rewards.

Experiment 2

The results of Experiment 1 suggested that motivation to ob-
tain food rewards may have played an important role in
quantity-discrimination performance by capuchins and squir-
rel monkeys. Squirrel monkeys may have been generally un-
motivated to obtain rewards due to low subjective value of the
reinforcers, resulting in the observed low rates of selection of
the higher quantity stimuli across all conditions. Capuchin
monkeys may have been more motivated to obtain food re-
wards in the edible condition, due to a combination of the
visual availability of the food reinforcer and the relatively
shorter delay to reinforcement.

In Experiment 2 we manipulated motivation by changing
the subjective value of the rewards for edible and inedible
stimuli in four new conditions. First, we presented edible
and inedible conditions identical to Experiment 1, but instead
of grapes as reinforcers, monkeys were presented with their
preferred food item. If performance by squirrel monkeys in
Experiment 1 was due to low subjective value of the grape
rewards, then presenting a preferred food item as reinforce-
ment should increase selection of the higher quantity stimulus
in both edible and inedible conditions. However if perfor-
mance by squirrel monkeys was due to generally poor quan-
tity discrimination ability or poor inhibitory control, then
changing the reinforcement should not dramatically impact
choice behavior. If choice of the higher quantity stimulus by
capuchin monkeys in the edible condition was driven by in-
creased motivation due to a higher subjective reward value for
visually available food items, then presenting a preferred food
item as a reinforcer should likewise increase motivation to
obtain rewards, resulting in increased choice of the higher
quantity item with both edible and inedible stimuli.

Second, we increased the delay to reinforcement for the
edible condition and decreased the delay to reinforcement
for the inedible condition to create a short delay to reinforce-
ment inedible condition and a long delay to reinforcement
edible condition. If choice of the higher quantity stimulus by
capuchin monkeys in the edible condition was driven by in-
creased motivation due to relatively short delay to reinforce-
ment, increasing that delay in the edible condition and
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decreasing it in the inedible condition should result in a rever-
sal of performance patterns, with animals selecting the higher
quantity stimulus more frequently in the inedible than the
edible condition.

Method

Subjects Subjects were the same squirrel and capuchin mon-
keys who participated in Experiment 1, with the exception of
one capuchin monkey subject who left the facility and there-
fore did not participate in Experiment 2. Her data from
Experiment 1 were not included in analyses for this
experiment.

Conditions

Delay to reinforcement Animals received a short delay to
reinforcement inedible condition (short-delay inedible) and a
long delay to reinforcement edible condition (long-delay edi-
ble). Methods were similar to those used in the edible and
inedible conditions in Experiment 1, with a few changes. In
the long-delay edible condition, subjects chose between edible
stimuli, but instead of removing the food from the plate and
handing it to the subject immediately, the experimenter lifted
the top plate, reached into the empty bottom container (re-
trieved nothing), then took the food reward off the top plate
and handed it to the subject. The delay between choice and the
monkey receiving the reward averaged 5.53 s compared to
2.42 s in the short-delay edible condition from Experiment
1. In the short-delay inedible condition, the subject chose be-
tween inedible stimuli. Rather than lifting off the top plate to
reveal the food rewards as in Experiment 1, the experimenter
held the reward items for both choices concealed in her hands
during the trial and offered them to the subject immediately
after a choice was indicated. The delay between choice and
reward averaged 0.89 s compared to 5.33 s in the long-delay
inedible condition from Experiment 1.

Preferred food reward Food preference testing.A food pref-
erence test was conducted to determine the preferred food for
each subject. Two novel foods were tested in pairwise com-
parison tests against the grapes used in Experiment 1.
Monkeys were presented with one piece of each of the two
foods per trial and receivedwhichever food item they selected.
All possible pairs of the three food types were presented five
times per 15 trial session. Once the monkey chose a food item
on at least 80% of trials on which it appeared they moved on to
the preferred food reward testing conditions using this food item
as the reward. The resulting preferred food items were dried
mangoes for four capuchin monkeys, cashews for two capuchin
monkeys, and mealworms for all six squirrel monkeys.

Preferred food reward training and testing. Animals re-
ceived a preferred reward edible and preferred reward inedible

condition. Methods, including delays to reinforcement, were
identical to those used in the edible and inedible conditions in
Experiment 1, except that instead of grapes, the food items
used as stimuli in the edible condition and as reinforcers in
both conditions were the preferred food item for eachmonkey.

Training and testing As in Experiment 1, each condition
contained a training phase and a testing phase. Training and
testing phases presented the same quantity pairings and used
the same completion criteria as in Experiment 1. All monkeys
received the four conditions, long-delay edible, short-delay
inedible, preferred reward inedible, and preferred reward edi-
ble, in that order.

Data analysisData from the edible and inedible conditions in
Experiment 1 were used as comparisons to determine the im-
pact of delay to reward and reward type modifications on
choice of the higher quantity stimulus. A linear mixed-effect
model, with subject as a random factor, compared perfor-
mance on the short-delay grape reward edible and long-
delay grape reward inedible conditions from Experiment 1
with performance on the four conditions in Experiment 2, with
condition order, ratio between the choice quantities, distance
between the choice quantities, delay (short, long), reward
(grape, preferred), stimulus type (edible, inedible), species
(capuchin, squirrel monkeys), and the interaction between
species, reward, and stimulus type as fixed factors.

Results

TrainingAs in Experiment 1, there were no differences in the
number of training sessions required to reach criterion be-
tween conditions or species (linear mixed-effect model), con-
dition × species, contrasts of condition, all ps > .15; contrast of
species, t(60) = 1.44, p = .155, 95%CI [−0.26, 2.26]; contrasts
of species × condition interaction, all ps > .20.

Testing As in Experiment 1, the linear mixed-effect model
revealed a signficant effect of ratio (slope = 0.08, SE =
0.03), F(1, 2298) = 6.42, p = .011, 95% CI [0.02, 0.13], and
distance (slope = 0.05, SE = 0.01), F(1, 2298) = 20.11, p <
.001, 95% CI [0.03, 0.06], on performance consistent with
Weber’s law and the distance effect, suggesting that the task
manipulations did not impact quantity comparison per se.
While the testing conditions were presented in the same order
for all subjects, there was no significant effect of condition
order on performance, F(1, 2306) = 0.06, p = .81, 95% CI
[−0.01, 0.02], indicating that differences in performance
across conditions were due to task manipulations rather than
to general improvement over time. There was no significant
effect of delay to reinforcement on performance (slope =
−0.001, SE = 0.02), F(1, 2298) = 0.00, p = .98, 95% CI
[−0.04, 0.04] (see Fig. 3, right). The lack of an effect of delay
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to reinforcement indicates that increased choice of the higher
quantity stimulus in the edible condition by capuchin mon-
keys in Experiment 1 was unlikely to be due to the short delay
to reinforcment in that condition. It may be that delay to rein-
forcement was not a salient factor in assigning subjective re-
ward value in this case.

The model additionally revealed a significant effect of spe-
cies, such that capuchins continued to select the higher quan-
tity stimulus more frequently than did squirrel monkeys (main
effect of species), F(1, 10) = 8.98, p = .013, 95% CI [−0.18,
−0.46]. Consistent with findings from capuchin monkeys in
Experiment 1, the higher quantity item was chosen more fre-
quently by NewWorld monkeys presented with edible stimuli
than inedible stimuli (main effect of stimulus type), F(1, 2298)
= 5.74, p = .017, 95% CI [−0.09, −0.01]. Monkeys chose the
higher quantity stimulus more frequently when reinforced
with their preferred food item than when reinforced with the
grapes used in Experiment 1 (main effect of reward type), F(1,
2305) = 20.22, p < .001, 95% CI [−0.20, −0.08] (see Fig. 3,
left). There were no significant interactions between species,
stimulus type, or reward type (all ps >.09), indicating the
positive effect of being rewarded with a preferred food was
the same across capuchin and squirrel monkeys and across
both edible and inedible stimuli. This indicates that for New
World monkeys, increasing the subjective value of the reward
by offering a preferred food increased the motivation to obtain
higher quantities of reinforcers, regardless of the stimulus
type.

Discussion

Consistent with findings that increasing motivation leads to
improved cognitive performance in monkeys (Minamimoto
et al., 2009; Schrier & Harlow, 1956), results of the present
study indicate that increasing the subjective value of the food
reward by presenting a preferred food had a significant impact
on choice behavior in the quantity discrimination task for both
the capuchins and squirrel monkeys. Both species

demonstrated increases in choice of the higher quantity stim-
ulus when presented with a preferred food reward. This sug-
gests that low levels of choice of the higher quantity stimulus
in Experiment 1 by capuchins in the inedible condition and by
squirrel monkeys in all conditions was driven by low subjec-
tive value of the reinforcer. This low subjective value was not
due to increased delay to receive the reward, as manipulation
of this delay did not impact choice behavior. The significant
increase in choice of the higher quantity stimulus by squirrel
monkeys with a preferred reward is an important one, as squir-
rel monkeys often show relatively poor performance on cog-
nitive tasks (Tomasello & Call, 1997). These results suggest
that, rather than qualitative cognitive differences, squirrel
monkeys may not be motivated in the same way by reward
or experimental features as are other primate species. This
may explain the variation in success between subjects and
across studies on previous quantity-discrimination tasks by
squirrel monkeys (Adachi et al., 2011; McKenzie et al.,
2004; Thomas & Chase, 1980; Thomas et al., 1980), as some
task parameters may be more motivating or some subjects
may be more motivated to attend to the task.

General discussion

In Experiment 1, New World monkeys showed two distinct
choice patterns on a quantity-discrimination task across edi-
ble, inedible, and edible replaced conditions. Unlike Old
World monkeys in Schmitt and Fischer’s (2011) original
study, capuchin monkeys choose the higher quantity stimulus
most frequently in the edible condition. Squirrel monkeys
performed equally poorly across all three conditions. While
performance patterns by Old World monkeys may be best
explained by difficultly representing food items as both choice
stimuli and rewards (Schmitt & Fischer, 2011), this explana-
tion is not consistent with performance patterns byNewWorld
monkeys. Instead, performance patterns by both species may
best be explained by differences in assignment of subjective

Fig. 3 Proportion choice of higher quantity stimulus by capuchin and
squirrel monkeys in the edible and inedible conditions across (left) grape
and preferred reward types and (right) short and long delay conditions.
Grape reward (open boxes), short-delay edible (light gray), and

long-delay inedible (black) data are from Experiment 1, preferred reward
(dark gray), long-delay edible (black), and short-delay inedible (light
gray) data are from Experiment 2. Error bars indicate standard error of
the mean
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reward value to the stimuli. Increasing the subjective value of
the reward by offering a preferred food item in Experiment 2
increased choice of the higher quantity stimulus for both spe-
cies and both stimulus types, indicating that motivation to
obtain rewards plays an important role in performance on
quantity discrimination tasks.

In all three conditions, the arrangement of the choice stim-
uli on the plates varied between trials, such that individual
items could be located closer or further apart from each other.
This prevented animals from using any set pattern to identify
specific quantities. The marbles used as choice stimuli in the
inedible condition were larger than the grape pieces used as
choice stimuli in the edible and edible replaced conditions.
These two features of the stimuli could have resulted in mon-
keys basing their choices on other magnitude features besides
quantity—for example, the overall surface area of the items or
the overall area of the plate covered by the items. The results
of this study therefore cannot differentiate which specific
mechanism monkeys were using to discriminate between
quantities. However, New World monkeys did show above-
chance performance, ratio, and distance effects on their choice
behavior, indicating that they were attending to some consis-
tent relative magnitude dimension of the stimuli. This compli-
ments previous research in primates that show conformity to
distance effects and Weber’s lab on quantity discrimination
tasks (Barnard et al., 2013; Cantlon & Brannon, 2006;
Evans et al., 2009; Hanus & Call, 2007; Jordan & Brannon,
2006; Merritt et al., 2011). These patterns are consistent with
an approximate representation of quantity and indicate sys-
tematic comparison of the two choice quantities. This adds
to the growing body of literature that suggests common mag-
nitude processing mechanisms across species (Barnard et al.,
2013; Evans et al., 2009; Gomez-Laplaza & Gerlai, 2016;
Hanus & Call, 2007; Jordan & Brannon, 2006; Kelly, 2016;
Merritt et al., 2011; Roberts, 2005). That ratio and distance
effects were not disturbed by stimulus type, reward type, or
delay to reinforcement manipulations suggests that differences
in absolute performance indicate differences at a stimulus-
processing level rather than differences in quantity compari-
son abilities.

While monkeys and apes generally show a preference
for the larger quantity of food in natural choice procedures
such as the one presented in the edible condition, variables
such as food type, size, and intertrial interval can reverse
this preference through changes in the subjective value of
the reinforcer (Addessi et al., 2008; Beran, Evans, &
Harris, 2008a; Beran, Ratliff, & Evans, 2009; Parrish,
Evans, & Beran, 2015; Sanchez-Amaro, Pereto, & Call,
2016; Schmitt & Fischer, 2011). Chimpanzees will select
a smaller quantity of preferred food items over a larger
quantity of nonpreferred food items (Beran et al., 2009;
Silberberg, Widholm, Bresler, Fujita, & Anderson, 1998)
and show preferences for larger over smaller pieces of

food, even when the small pieces add up to a larger overall
amount (Parrish et al., 2015). These findings are consistent
with results of the present experiments that suggest New
World monkeys assign a higher subjective reward value to
preferred food items. Delay to reinforcement may also in-
fluence subjective reward value (Beran et al., 2009;
Sanchez-Amaro et al., 2016; Schubiger et al., 2016), al-
though recent findings are mixed. Some studies find a sig-
nificant impact of delay on choice behavior (Beran et al.,
2009), others find no effect (Sanchez-Amaro et al., 2016),
and still others find that effects vary based on task param-
eters (Schubiger et al., 2016). The results of Experiment 2
showed that even doubling the delay in the edible condi-
tion did not significantly influence choice behavior by
New World monkeys. This indicates that delay to rein-
forcement was not an important factor in the subjective
value of the reward in this task. The mixed findings around
delay highlight that subjective reward value is likely influ-
enced by a combination of context dependent factors in-
cluding delay, quantity, and food type that vary across
tasks (Parrish et al., 2015; Sanchez-Amaro et al., 2016).

That New World monkeys in this series of experiments
consistently selected the higher quantity stimulus above
chance supports previous findings that primates prefer
items with higher subjective reward value when presented
with a natural choice paradigm (Beran et al., 2009;
Sanchez-Amaro et al., 2016; Schubiger et al., 2016). The
present study adds to this literature by showing that pre-
senting preferred food rewards resulted in an overall in-
crease in performance, indicating that, in addition to
influencing relative preferences, subjective reward value
can significantly impact cognitive performance generally.
These results indicate that differences in how species or
individuals respond to methodological factors, such as
stimulus and reward type, can result in significant differ-
ences in choice behavior, suggesting that any comparisons
between species based on performance, even on identical
tasks, need to be interpreted carefully. Specifically, these
results highlight the importance of assuring adequate mo-
tivation in all species in comparative research, as differ-
ences in assignment of subjective value to rewards may
result in performance differences that mask the cognitive
abilities being tested. Elucidating the contributions of
some of the many cognitive processes involved in produc-
ing the final behavioral output of interest is essential to
valid characterization of phylogenetic distribution of cog-
nitive processes.
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