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Abstract

At least three processes determine whether information we encounter is attended to or ignored. First, attentional capture occurs
when attention is drawn automatically by “bottom up” processes, to distinctive, salient, rewarding, or unexpected stimuli when
they enter our sensory field. Second, “top down” attentional control can direct cognitive processing towards goal-relevant targets.
Third, selection history, operates through repeated exposure to a stimulus, particularly when associated with reward. Attentional
control is measured using tasks that require subjects to selectively attend to goal-relevant stimuli in the face of distractions. In the
Eriksen flanker task, human participants report which direction a centrally placed arrow is facing, while ignoring “flanking”
arrows that may point in the opposite direction. Attentional control is evident to the extent that performance reflects only the
direction of the central arrow. We describe four experiments in which we systematically assessed attentional control in rhesus
monkeys using a flanker task. In Experiment 1, monkeys responded according to the identity of a central target, and accuracy and
latency varied systematically with manipulations of flanking stimuli, validating our adaptation of the Eriksen flanker task. We
then tested for converging evidence of attentional control across three experiments in which flanker performance was modulated
by the distance separating targets from flankers (Experiment 2), luminance differences (Experiment 3), and differences in
associative value (Experiment 4). The approach described is a new and reliable measure of attentional control in rhesus monkeys
that can be applied to a wide range of situations with freely behaving animals.
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Organisms are constantly bombarded by stimuli. Most are
irrelevant, but some are critical for survival. There are at least
three processes that determine whether particular stimuli are
attended to or ignored. First, top-down attentional control di-
rects cognitive processing to goal-relevant information. You
exercise attentional control when deliberatively searching for
a particular pen on top of your cluttered desk. Comparative
studies have reported attentional control across a variety of
animal species with diverse neurological structure, such as
amphibians, birds, fish, and mammals—including human
and nonhuman primates (Knudsen, 2018; Krauzlis et al.,
2018). Attentional control likely first evolved because it pro-
vided an advantage in prey detection or predator avoidance.
With increased neurological complexity, attentional control
became more plastic and better able to handle a wider range

P4 Thomas C. Hassett
tomhassett89 @ gmail.com

Department of Psychology, Yerkes National Primate Research
Center, Emory University, 36 Eagle Row, Atlanta, GA 30322, USA

Published online: 16 February 2022

of sensory domains (Krauzlis et al., 2018). Attentional control
facilitates an array of nonhuman primate behaviors including
social behaviors, foraging, and problem solving (Beran &
Hopkins, 2018; Franzen & Myers, 1973; Genovesio et al.,
2014; Myers et al., 1973; Sayers & Menzel, 2012).

The second process, attentional capture, is a bottom-up
process that automatically draws attention to distinctive, sa-
lient, rewarding, or unexpected stimuli when they enter the
sensory field (Anderson et al., 2011; Corbetta & Shulman,
2002; Desimone & Duncan, 1995; Theeuwes, 1992, 2004,
2010). The sirens and flashing lights on emergency vehicles
make use of attentional capture to ensure that drivers who
might be focusing elsewhere attend to the emergency vehicle.
Attentional capture may either reinforce or compete with at-
tentional control. To the extent that the pen you are searching
for stands out in terms of shape or color, attentional capture
and control work together. To the extent that flashing lights on
a passing ambulance draw your attention away from reading
at your desk at night, attentional control is compromised by
attentional capture (Gaspelin et al., 2015; Theeuwes, 2004).
Attentional capture has been reported in a wide variety of
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species (Buschman & Miller, 2007; Cai & Dent, 2020;
Rochais et al., 2017) and is likely involved in a wide range
of animal behaviors such as to hunting and foraging (Ben-Tov
et al., 2015) as well as predator detection (Lipp, 2006;
Shibasaki & Kawai, 2009).

The third influence, selection history, operates through re-
peated exposure to a stimulus, particularly when associated
with reward. Rewarded exposure biases attention toward that
stimulus in future encounters—even after the reward has
stopped (Awh et al., 2012; Failing & Theeuwes, 2018;
Theeuwes, 2019). Stimuli that gain attentional bias through
selection history need not be inherently salient or goal-
relevant to gain control over attention (Theeuwes, 2019).
This influence of reward on attention may be evident, for
example, when attention is captured by a favorite song from
high school playing quietly in the background at a store.

Attentional control is assessed by measuring how well a
subject can selectively attend to relevant information and ig-
nore distractions. In the classic flanker task (Fig. 1a, Colegate
et al., 1973; Eriksen & Hoffman, 1972, 1973; Ridderinkhof
etal., 2021), participants view a horizontal array of arrows and

are instructed to identify which direction the central-most ar-
row is facing. Human participants respond significantly faster
when the target and flanking arrows are congruent, facing the
same direction, compared to when the target and flanking
arrows are incongruent, facing in opposite directions
(Eriksen & Eriksen, 1974). The extent to which attentional
control is challenged by flanking stimuli can result from two
causes. Response conflict refers to the fact that the flankers
direct a response opposite that indicated by the central arrow,
and that response must be suppressed. Perceptual conflict
refers to the fact that the stimuli flanking the central arrow
have perceptual features that draw attention away from the
central target. When the target is flanked by neutral stimuli
other than arrows, removing the response incongruency, par-
ticipants show an intermediate response latency (Eriksen &
Eriksen, 1974). Thus, perceptual conflict experienced in both
incongruent and neutral trials tax attentional resources and
draw attention away from the target. Incongruent trials are
particularly challenging because incongruent flankers addi-
tionally cause response conflict (Servant & Logan, 2019;
Verbruggen et al., 2006).

Congruent Incongruent
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Fig. 1 Flanker task test types. a example of stimuli used with humans in
the classic Erickson flanker test. Tests with monkeys were initiated by
monkeys touching a green start square (not shown). b Monkeys were
trained to associate centrally placed diamond or pentagon stimuli with a
response to the lower left bus image; responses to the lower right reindeer
image were correct if the central stimulus was a tear drop or a cross. Eight
neutral stimuli (two shown here) were not associated with either a left or
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right response and never appeared as a central target stimulus. Any
images “flanking” the central images were to be ignored. ¢ The three
trial types that appeared in Experiment 1. d Examples of inside and
outside trials presented in Experiment 2. e The three types of luminance
configurations used in Experiment 3. The null condition also included
trials in which all stimuli were dim
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There are only a few reports of performance by nonhuman
animals in flanker tasks, and the reported results are mixed. In
one study, two rhesus monkeys were tested on a modified
flanker task using letter stimuli. One of the two showed sig-
nificantly faster responses to congruent relative to incongruent
trials, and both showed significantly faster responses on neu-
tral compared to either congruent or incongruent trials (Beran
et al., 2003). In another study, a subset of rthesus monkeys—
those that were not at ceiling performance—showed compar-
atively better accuracy on congruent relative to incongruent
trials, but the relationship with respect to response time was
less clear (Bramlett-Parker & Washburn, 2016). In another
study, comparatively better accuracy and faster responding
on congruent relative to incongruent trials was reported
among 16 mice tested on an analog flanker task. Flanker per-
formance was also sensitive to the contrast of flanking stimuli,
and mice performed better when flanking stimuli had compar-
atively weaker contrast than the target (You & Mysore, 2020).

There is a need to develop and validate tests that measure
attentional control that can be implemented across a variety of
research settings. Specifically, the study of attentional control
in nonhuman primates has overwhelmingly relied on cogni-
tive tasks that measure saccadic eye movements, which can
only realistically be implemented in laboratory settings (Cole
et al., 2009). Technological and methodological advances
have made it possible to study primate cognition in semi-
natural settings (Fagot et al., 2013; Gazes et al., 2013), making
nonhuman primate research uniquely positioned to address
novel questions related to attentional control, such as selection
history and attentional control over the lifetime of an animal,
or the effect of chronic psychosocial stress on the develop-
ment of attentional control. The flanker task may be appropri-
ate for use across research settings given the simplicity of the
task and the minimal resources required to implement it.

We describe four experiments in which we systematically
assessed attentional control in rhesus monkeys using a flanker
task. In Experiment 1, we tested whether attentional control
was taxed by the presence of flanking stimuli, assessing the
validity of our adaptation of the human flanker task. We then
tested for converging evidence of attentional control across
three experiments that assessed whether flanker performance
was modulated by the spatial separation of targets and flankers
(Experiment 2), luminance differences (Experiment 3), and
differences in reinforcement history (Experiment 4).

Experiment 1

We tested whether incongruent and neutral flanking stimuli
would impair performance consistent with both response and
perceptual competition. We hypothesized that if stimulus
incongruency taxes attentional resources in rhesus monkeys,
then monkeys would be significantly less accurate and slower

to respond on incongruent trials relative to congruent trials.
Furthermore, we hypothesized that if both response conflict
and perceptual conflict contribute to this effect, performance
on neutral trials would fall between that on congruent and
incongruent trials. Because monkeys do not know how to
interpret arrows, we trained them to make specific responses
to arbitrary images.

Procedure
Subjects

We tested seven adult male rhesus monkeys (mean age: 7.8
years old) that had extensive experience with touchscreen
cognitive testing. Monkeys were pair housed and had visual
contact with additional conspecifics. Monkeys were tested in
their home cages and separated only during testing hours.
Monkeys were tested for up to 8 hours each day, six days a
week. Monkeys had ad libitum access to water, received daily
fruit or vegetable enrichment, and received their daily caloric
intake through a combination of nutritionally balanced rein-
forcement pellets earned in testing, and monkey biscuits fed at
the end of the day.

Apparatus

Our computerized testing systems consisted of a touch-
sensitive LCD monitor (Elo TouchSystems, Menlo Park,
Ca) and two food dispensers (Med Associates Inc., St.
Albans, VT), controlled by custom programs written in
Visual Studio 2013 (Microsoft Corporation) run on laptop
computers.

Flanker Training and Testing Procedures

Monkeys progressed through a series of 5 training phases and
1 test phase.

Training Phase 1 Trials were initiated by touching a green start
square twice. A centrally placed shape appeared with two
choice stimuli in the lower left and right corners of the screen.
The central shape was either a white diamond or tear-shaped
stimulus, and these two stimuli were presented equally often,
according to a pseudorandom schedule (Fig. 1b). If the central
stimulus was a diamond, monkeys were reinforced for
selecting the left choice, which was always an image of a
cartoon school bus. If the central stimulus was the tear shape,
monkeys were reinforced for selecting the right stimulus,
which was always a cartoon image of a Reindeer. Correct
choices resulted in positive audio feedback, a food pellet re-
ward, and a 3 second inter-trial interval. Incorrect choices
resulted in negative audio feedback, a 6 second time-out,
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and repetition of the trial. If the monkey erred a second time,
only the correct choice appeared on the third try, ensuring that
monkeys selected that response. Each session consisted of 100
trials, and monkeys progressed to Phase 2 after achieving 90%
accuracy or better in 2 consecutive sessions, not counting
repeated trials following errors.

Training Phase 2 Training phase 2 was identical to Phase 1
except that monkeys were trained with two new shapes, a
white pentagon and white cross. Monkeys were reinforced
for selecting the left choice if the shape was a pentagon, and
right choice for cross (Fig. 1b).

Training Phase 3 Training phase 3 was identical to training
phases 1 and 2, except that any of the 4 stimuli from the
previous 2 phases could appear in the central location on a
given trial.

Training Phase 4 Each trial, 2 or 4 neutral stimuli flanked the
target. There were a total of 8 neutral stimuli that were used
according to a pseudorandom schedule (Fig. 1b). The same
performance criterion was used to move monkeys to the final
training phase.

Training Phase 5 In the final training phase, congruent and
incongruent flankers were introduced (Fig. 1¢). On congruent
trials, the central stimulus and flanking stimuli were associat-
ed with the same response. On incongruent trials, the central
stimulus and flanking stimuli were associated with opposite
responses. On neutral trials the flanking stimuli were not as-
sociated with any response. Each 100-trial session consisted
of 40 congruent trials, 40 incongruent trials, and 20 neutral
trials. Once monkeys were 80% accurate or better for 2 con-
secutive sessions, they progressed to test.

Flanker Test Phase The test phase was identical to training
phase 5, however, no correction procedure was used. When
monkeys erred, they received negative auditory feedback, a 6
second delay, and then could initiate the next trial. Monkeys
received 14 sessions.

Data Preparation

Here and in the experiments that follow, accuracy was deter-
mined by calculating the proportion of trials where the mon-
keys were correct, and latency was determined by calculating
the median latency for correct trials only. Median latency was
used, rather than mean latency, to correct for positive skew in
reaction time data. Proportion correct scores were arcsine
transformed prior to analyses to better approximate normality
(Aron & Aron, 1999). Repeated measures Analysis of
Variance tests were performed using R Studio (R Core
Team, 2020) the ez package (Lawrence, 2016).
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Results & Discussion

Monkeys were most accurate on congruent trials, less accurate
on neutral trials, and least accurate on incongruent trials (Fig.
2top: Fp 12y = 35.528, p < .001, n’G = 0.856). Follow-up
TukeyHSD pairwise comparisons showed that all three condi-
tions were significantly different from one another following
adjustment for multiple comparisons (Congruent vs
Incongruent: p = .002; Congruent vs Neutral: p = .017; Neutral
vs Incongruent: p = .002). Thus, attentional control was present
and was negatively impacted by both response and perceptual
conflict, based on the predicted response pattern and similarity to
human responding.

Monkeys responded most slowly on incongruent trials, but
this difference was small (Fig. 2bottom: F; 12y = 6.380, p =
013, %G = 0.515). Follow-up TukeyHSD pairwise compari-
sons found no significant pairwise differences between any of
the three conditions following adjustment for multiple com-
parisons (Congruent vs Incongruent: p = .101, Congruent vs
Neutral: p = .091, Incongruent vs Neutral: p = .329).

The characteristic flanker effect in human is that partici-
pants respond more slowly on incongruent trials relative to
congruent or neutral trials (Kopp et al., 1996; Verbruggen
etal., 2006). However, when a response time limit is imposed,
conditions differ in accuracy rather than latency (Rinkenauer
et al., 2004), indicating that participants trade-off accuracy
and speed, favoring accuracy unless there is a time demand.
Monkeys showed the strongest effects for accuracy, suggest-
ing that they favor speed over accuracy or are relatively
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Fig. 2 Accuracy (top) and response latency (bottom) when targets were
flanked by congruent, incongruent, and neutral flankers. Error bars reflect
standard error of the mean (SEM). Monkeys were most accurate on con-
gruent trials, least accurate on incongruent trials, and intermediate on
neutral trials. There was a significant main effect of latency, but the
pairwise differences across conditions were not significant
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impulsive compared to humans. It is not uncommon for mon-
keys to only show accuracy differences where humans usually
show speed differences. For example, monkeys made more
errors rather than slowing down in cognitive control tasks
(attention network test. Bramlett-Parker & Washburn, 2016;
stroop: Washburn, 1994; stop signal: Godlove et al., 2011).

The findings from Experiment 1, in addition to the two
previous flanker studies in monkeys, provide initial evidence
that attentional control is necessary for flanker performance in
rhesus monkeys (Beran et al., 2003; Bramlett-Parker &
Washburn, 2016). However, similar findings across studies
using similar procedures does not, alone, prove that humans
and nonhumans rely on a common mechanism in a given task.
It is possible for animals to mirror human performance on a
cognitive task while relying on a functionally distinct cogni-
tive system, or a different strategy. To further test whether our
flanker task measures attentional control, we carried out addi-
tional experiments. If attentional control is measured by flank-
er performance in rhesus monkeys, then flanker performance
should vary in predictable ways when we systematically alter
demands on attentional control. One way to alter these de-
mands is to increase the distance between target and flanking
stimuli. Presumably the further distractors are from the center
of the focus of attention, the less they distract.

Increasing the distance between target and flanking stimuli
improved flanker performance in humans (Eriksen & Eriksen,
1974; Eriksen & Hoffiman, 1972). Moving flanking stimuli away
from the center of the screen, where subjects are presumably
foveating, should reduce the extent to which flankers engage
attention. We assessed whether the spacing between target and
flanking stimuli affects the degree to which attentional control is
necessary for flanker performance in monkeys.

Experiment 2

If flanker performance depends on attentional control in rhesus
monkeys, then a larger distance between target and flanking
stimuli should produce more accurate and faster performance.
Furthermore, given that attentional control is necessary for suc-
cessful performance on incongruent but not congruent trials, we
hypothesized that the effect of spatial distance would be larger for
incongruent trials than for neutral or congruent trials.

Procedure

Subjects

We tested six adult male rhesus monkeys (mean age: 9.8 years
old) that had extensive experience with touchscreen cognitive

testing. Five of the seven monkeys used in Experiment 1 were
used again in Experiment 2. Two of the seven became unavailable

due to reassignment outside our laboratory. An additional mon-
key that had been trained in a pilot version of Experiment 1 with
slightly modified procedures from that described here was not
included in the analysis of Experiment 1, but joined the study
cohort with Experiment 2, yielding a total of 6 subjects. All mon-
keys were pair housed and had visual contact with conspecifics.
Testing and feeding conditions were identical to Experiment 1.

Apparatus

The same equipment was used as in Experiment 1.
Flanker Training and Test Procedures

There were 2 training phases and 1 test phase.

Training Phase 1 The procedure was identical to Experiment 1
training phase 1 except we reduced the number of trials per
session from 100 to 96.

Training Phase 2 Each trial, 2 neutral stimuli were presented at
the outermost flanking positions within the presentation array
to adapt monkeys to this novel test array configuration. A
space of 212 pixels (5.61cm) separated the edges of the target
and neutral images. Each session consisted of 96 trials, and
monkeys progressed to the test phase after achieving 90%
accuracy or better in 2 consecutive sessions.

Test Phase Flanking stimuli were either incongruent, neutral, or
congruent relative to the target, and flankers were placed either
adjacent to or away from the target (Fig. 1d). When presented in
the inner position, the inner most edges of flanking stimuli were 9
pixels (0.24cm) away from the outer edges of the target. When
presented in the outer position, the inner most edges of the
flanking stimuli were 212 pixels (5.61cm) away from the outer
edges of the target. Each session consisted of 96 trials.
Incongruent, neutral, and congruent trials were presented equally
often, with half being close to the central stimulus and half dis-
tant, yielding 16 trials per session for each of the 6 trial type
combinations. Monkeys completed 25 sessions.

Results & Discussion

Monkeys were more accurate when flankers were positioned
farther away than close (Fig. 3top: F 5y = 16.662, p = 0.009,
1% = 0.426). Consistent with the findings from Experiment 1,
accuracy varied as a function of flanker type (F(2,10)=9.621, p =
0.004, n°g = 0.509). Follow-up TukeyHSD pairwise compari-
sons found a significant difference between congruent and incon-
gruent conditions only following adjustment for multiple com-
parisons (p = 0.017). The interaction between position and type
of flanking stimuli was significant (F 0, = 17.096, p < 0.001,
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1% = 0.449), indicating that incongruent stimuli had the greatest
effect when positioned close to the target. Pairwise comparisons
found that monkeys were less accurate on incongruent flanker
trials where the flankers were placed close to the target
(Incongruent Inside vs Congruent Inside: p = 0.005;
Incongruent Inside vs Congruent Outside: p = 0.015;
Incongruent Inside vs Incongruent Outside: p = 0.027;
Incongruent Inside vs Neutral Outside: p = 0.013).

Monkeys responded more quickly when flankers were posi-
tioned farther away than close (Fig. 3bottom: F; 5,=32.439, p =
0.002, n’g = 0.391). Consistent with the findings from
Experiment 1, response times differed significantly as a function
of flanker type (F(2.10) = 11.928, p = 0.002,1° = 0.632). Follow-
up TukeyHSD pairwise comparisons found a significant differ-
ence between congruent and incongruent conditions (p = .042), a
marginal difference between congruent and neutral (p = 0.055),
and no difference between neutral and incongruent (p = 0.992).
Incongruent stimuli slowed responding most when close to the
target (interaction of Position and Flanker Type: F, 10, = 14.017,
p=0.001, %G = 0.335). Follow up tests revealed no significant
pair-wise differences.

The results from Experiment 2 provide converging evidence
that attentional control is important for flanker performance in
rthesus monkeys. The proximity of target and flanking stimuli
impacted performance to varying degrees depending on the type
of trial. For congruent trials, the distance between target and
flanking stimuli had essentially no effect on performance. For
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Fig.3 Accuracy (top) and response latency (bottom) as a function of both
flanker position and flanker congruency. Error bars reflect standard error
of the mean (SEM). Performance was significantly worse for inside trials
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incongruent trials, the distance between target and flanking stim-
uli had a pronounced effect on performance. In contrast to
Experiment 1, monkeys did not exhibit an intermediate accuracy
effect on neutral trials overall, this perhaps due to a smaller va-
lence effect when averaged across inside and outside trials. Thus,
these results support the hypothesis that it is the extent to which
flankers compete for attention that determines their effects on
performance. In the next experiment we further evaluated wheth-
er our flanker task measures attentional control by using another
manipulation likely to affect the extent to which attention is
captured, visual contrast.

In visual search paradigms, including a distracting stimulus
that differs from all other stimuli by some task-irrelevant fea-
ture increases the latency to find a target (Theeuwes, 1991,
2004; Turatto & Galfano, 2000). For instance, objects with
relatively greater contrast from their surroundings are more
visually salient, and increasing the luminance of target or
distractor stimuli shortens or increases visual search time, re-
spectively (Spehar & Owens, 2012). In Experiment 3, we
tested whether flanker performance was sensitive to variations
in luminance among target and flanking stimuli.

Experiment 3

In Experiments 1 and 2, performance varied as a function of
demands on attentional control. In Experiment 3, we tested

Neutral

N
N\\3

Neutral

(blue, solid) compared to outside trials (red slanted) and this effect was
particularly pronounced for incongruent trials



Atten Percept Psychophys

whether inherently salient stimuli would affect flanker perfor-
mance through attentional capture. Specifically, we modulat-
ed the relative luminance of target and flanking stimuli such
that on some trials the target contrasted more with the back-
ground than did flanking stimuli, and on other trials flanking
stimuli contrasted more with the background than did the tar-
get. On yet other trials, target and flanking stimuli contrasted
equally with the background. If our task measures attentional
control, then performance should vary as a function of the
extent of attentional capture produced by the three luminance
conditions. Specifically, performance should be best when the
target stimulus contrasts most with the background, compared
to flanking stimuli. Moreover, the effect of luminance should
be more pronounced in incongruent trials compared to con-
gruent or neutral trials.

Procedure
Subjects

Subjects and testing conditions were identical to Experiment 2.

Apparatus

Equipment was identical to Experiment 2.

Flanker Training and Test Procedures
There were 2 training phases and 1 test phase.

Training Phase 1 This was identical to Training Phase 1 in
Experiment 2.

Training Phase 2 Three luminance conditions were intro-
duced: positive, in which the target was bright and flanking
stimuli were dim; negative, in which the target was dim
and flankers were bright; and null, in which target and
flanking stimuli were all bright or all dim (Fig. le).
Positive, negative, null bright, and null dim trials were
presented equally often. Bright stimuli had RGB values
of 255, 255, 255 and dim stimuli had RGB values of 84,
84, 84. Targets were flanked by either two or four stimuli,
all of which shared the same luminance value. Each ses-
sion consisted of 96 trials, and monkeys completed train-
ing phase 2 by achieving 80% accuracy or better for 2
consecutive sessions.

Test Phase The procedure used in the test phase was identical
to training phase 2. Monkeys completed 25 test sessions.

Results & Discussion

The effect of luminance on accuracy was more pronounced on
trials that tested for attentional control than on trials that did
not, indicated by a significant luminance by flanker type in-
teraction (Fig. 4top: F 420y = 3.325, p = 0.032, n°g = 0.122).
Follow up tests confirmed that accuracy on negative incon-
gruent trials, where flankers were brighter than the target and
attentional control demands were highest, was significantly
worse than most other conditions (Negl vs NegC: p = 0.001,
Negl vs NullC: p = 0.002, Negl vs PosC: p = 0.002, Negl vs
PosN: p = 0.024). Flanker type significantly affected accuracy
(F.10)=34.372,p<0.001, nZG = 0.449), with monkeys being
significantly more accurate on congruent than incongruent
trials (p < 0.001). There was not a main effect of luminance
on accuracy (F 10y = 3.529, p = 0.069, nzc =0.321).

The speed with which monkeys completed flanker trials was
unaffected by the relative luminance of target and flanking stim-
uli (Fig. 4bottom: F (5,10, = 2.920, p = 0.100, 1’ = 0.284). There
was a significant main effect of flanker type on response latency
(F.100 = 9.888, p = 0.004, NG = 0.233), however follow-up
TukeyHSD pairwise comparisons found no significant differ-
ences between conditions. The difference between congruent
and incongruent trials approached significance (p = 0.069).
There was no interaction between luminance and flanker valence
(Fu0) = 2.293, p = 0.095, °G = 0.069).

The results from Experiment 3 provide further evidence
that attentional control supports flanker performance in rhesus
monkeys. Monkeys were less accurate on trials on which the
luminance contrast was lower for target than flanking stimuli,
particularly on incongruent trials. Luminance contrast alone,
independent of flanker type, had no effect on response latency.

We often think of the capacity of stimuli to capture atten-
tion in terms of perceptual properties, such as a brightness or
loudness. However, stimuli that are rewarding or threatening
can also capture attention irrespective of their sensory proper-
ties. Such value driven attentional capture, requires that sub-
jects have previously had reinforcing experiences with initial-
ly neutral stimuli (Anderson et al., 2011). In Experiment 4, we
tested whether flanker performance varied as a function of the
reinforcement histories of target and flanking stimuli.

Experiment 4

In Experiments 2 and 3 we tested whether physical changes in
flankers affected the extent to which they captured attention.
In Experiment 4 we investigated whether associative value
also acts to capture attention, even when physical features of
stimuli are matched. We hypothesized that if stimuli paired
with comparatively higher reward are more likely to capture
attention, then monkeys will show superior flanker perfor-
mance on trials where high reward stimuli are targets
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Fig. 4 Accuracy (top) and latency (bottom) as a function of luminance
condition and flanker valence. Positive (red slanted), negative (blue sol-
id), and null (green checkered) luminance configurations are shown.

compared to flankers. Moreover, this effect might be more
pronounced on incongruent trials compared to congruent
trials.

Procedure

Subjects

Subjects and testing conditions were identical to Experiment 3.
Apparatus

Testing equipment was identical to Experiment 3.

Training and Test Procedures

There were 2 training phases and 1 test phase.

Training Phase 1 Training phase 1 was identical to Training
Phase 1 in Experiment 3, except that correct responses were
associated with different rewards depending on which stimu-
lus was the target. If a diamond or tear shape was the target,
monkeys were rewarded with one pellet for a correct response.

If a pentagon or cross was the target, monkeys were rewarded
with three pellets for a correct response.
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Error bars reflect standard error of the mean (SEM). Accuracy varied as
a function of both luminance and flanker valence, with performance being
notably worse during incongruent and negative luminance trials

Training Phase 2 Three value configurations were used: positive,
in which the target was a high value stimulus and flankers were a
low value; negative, in which the target was a low value stimulus
and flankers were a high value; or null, in which the target and
flankers were both low or both high value stimuli. Each session
consisted of 96 trials, and monkeys completed training phase 2
by achieving 80% accuracy or better in 2 consecutive sessions.

Test Phase The procedure used in the test phase was identical
to training phase 2. The differential reinforcement of the four
stimuli was maintained throughout the test phase to prevent
changes in associative value. Monkeys completed 25 sessions.

Data Preparation

Test trials were categorized into three categories: positive, in
which the target was a high value stimulus and flankers were
low value stimuli; null, in which target and flanking stimuli were
either all high or low value stimuli; and negative, in which the
target was a low value stimulus and flanking stimuli were high
value stimuli. Trials with neutral flankers were not included in
the analysis because they could not be meaningfully compared
with congruent and incongruent trials. This is because neutral
trials contained only two stimulus value configurations, with high
or low value targets flanked by neutral stimuli that could not be
assigned associative values.
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Results & Discussion

The configuration of high and low value stimuli affected ac-
curacy equally across congruent and incongruent trials. There
was a main effect of value configuration on accuracy (Fig.
Stop: Fp.10) = 7.441, p = 0.010, NG = 0.415), and follow up
tests found significantly more accurate responses on positive
trials compared to negative trials (p = 0.007). Monkeys were
significantly more accurate on congruent trials compared to
incongruent trials (F; 5y = 52.481, p < 0.001, 1126 = 0.655).
However, the interaction between flanker type and value con-
figuration was not significant (F5 10y =1.088,p=0.373, n’g=
0.068), indicating that positive, null, and negative value con-
figurations affected accuracy equally, regardless of whether
stimuli were congruent or incongruent. It is surprising that
all flanker valence conditions, including congruent trials, were
affected by reinforcement history, given that there is no re-
sponse conflict during congruent trials, thus it is unclear why
accuracy would be sensitive to different value configurations.

Monkeys were slower to respond when trials contained a
low value target and high value flankers compared to the
opposite configuration—and this effect was particularly pro-
nounced for incongruent trials relative to congruent.
Specifically, there was a significant main effect of associative
value on latency (Fig. Sbottom: F, 10y = 14.783, p = 0.001,
MG = 0.343), and follow-up TukeyHSD pairwise compari-
sons revealed significantly faster responses for positive

configurations than negative configurations following adjust-
ment (p = 0.037). Monkeys were also significantly faster to
respond on congruent trials relative to incongruent trials (F(; s,
=10.118, p =0.024, nZG =0.592). Finally, there was a signif-
icant interaction between value configuration and congruency
(Fi2.100=9.731, p = 0.004, N’ = 0.167), and follow up tests
revealed that negative incongruent trials were significantly
different from all congruent configurations (Negative
Incongruent [Nel] vs NeC: p = 0.006; Nel vs NuC: p <
0.001; Nel vs PosC: p < 0.001).

The results from Experiment 4 provide further converging
evidence for attentional control as a critical process supporting
flanker performance in rhesus monkeys. Stimuli with compar-
atively rich reinforcement histories engaged attention and had
a pronounced impact on both accuracy and latency. When
flanking stimuli had comparatively rich reinforcement histo-
ries compared to target stimuli, monkeys were slower and less
accurate. When flanking stimuli had comparatively low asso-
ciative value relative to target stimuli, performance was faster
and more accurate. With respect to latency, performance dif-
ferences between these two configurations was larger for in-
congruent trials than congruent trials. Because we changed
only reinforcement history and not the perceptual properties
of the stimuli in this experiment, it is likely that the impair-
ments in performance we observed as a result of associative
value differences result solely from response conflict, not per-
ceptual conflict. However, because we could not include
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associatively equivalent neutral flankers in the analysis, we
cannot directly evaluate whether or not associative differences
might produce perceptual differences as a result of learned
salience.

General Discussion

Our four experiments provide converging evidence that the
flanker task measures attentional control in rhesus monkeys.
In Experiment 1, we tested whether stimulus incongruency
affected attentional control. Monkeys were significantly less
accurate and slower on incongruent trials relative to congruent
trials. The fact that the effect of neutral stimuli fell between
incongruent and congruent indicated that there were two
causes of interference, both response conflict and perceptual
conflict (Eriksen & Eriksen, 1974). Experiments 2-4 then doc-
umented further properties of monkey attention with this pro-
cedure. In Experiment 2 we found that monkeys were faster
and more accurate when target and flanking stimuli were
spaced apart rather than adjacent to each another, and the
effect of spacing on accuracy was particularly pronounced
for incongruent trials. In Experiment 3 we found that accuracy
was worst when low luminance targets were placed next to
high luminance incongruent flankers. Finally, in Experiment
4, we found that monkeys were more accurate and responded
most quickly when target stimuli had richer reinforcement
histories than flankers, and that responses were slowest when
low value targets were flanked by high value distractors.
Attentional control is a foundational process that supports a
variety of human capacities, such as visual working memory
(Astle & Scerif, 2011) and target finding (Eimer, 2014).
Although studies of nonhuman primates have been integral for
advancing scientific knowledge about the neural mechanisms of
attentional control (Desimone & Duncan, 1995; Miller & Cohen,
2001), we know comparatively less about what roles attentional
control plays in natural nonhuman primate behavior, and what
ecological and social factors affect it (Morin et al., 2019). We can
now evaluate nonhuman primate cognition in naturalistic envi-
ronments (Fagot & Paleressompoulle, 2009; Gazes et al., 2013),
and we can extend this ability to the study of attention with
appropriate tasks like the one described here. The flanker task
is well suited for application in naturalistic environments given
that animals need not be restrained, trials are rapid and indepen-
dent from one another, and the rate of reinforcement is compar-
atively high. The flanker task has been and continues to be used
as a tool for measuring attention in human subjects, and thus,
provides a framework for future comparative research on nonhu-
man attention (Erb et al., 2021; Ridderinkhof et al., 2021).
Naturalistic settings afford opportunities to address previ-
ously unanswerable questions about nonhuman attention.
These questions include the effects of social status, stress,
and reinforcement history on attention. As demonstrated in
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Experiment 4, stimuli associated with different levels of re-
ward differentially affect flanker performance. Such an effect
can be most reliably studied in an experimental setting where
the entire history of reward with particular stimuli can be
controlled. In humans, previously neutral stimuli that undergo
reward training continue to capture attention when used as
irrelevant distractors as long as 7-9 months after rewarded
training stops (Anderson & Yantis, 2013). Rhesus monkeys
afford a unique opportunity to study the extent to which the
effects of selection history persist across the lifetime of an
animal, as well as how relative control by reinforcement his-
tory is modified during times of chronic stress or cognitive
senescence. Technological developments now allow re-
searchers to track and manipulate diet and cognitive perfor-
mance across virtually the entire lifetime of rhesus monkeys,
thereby creating an opportunity to study the effects of diet on
cognition (Gazes et al., 2013; Wilson et al., 2008).

The nonhuman flanker analog described in this study can
be readily implemented in naturalistic environments,
affording the opportunity to investigate attentional control in
a variety of contexts. Rhesus monkeys live in large social
groups organized into linear dominance hierarchies (Vessey,
1984). In naturalistic settings, social dominance is a pro-
nounced psychosocial stressor, where subordinate individuals
exhibit a physiological profile that mirrors humans exposed to
chronic psychosocial stress, including blunted stress response
to physiological and psychosocial stressors, impaired gluco-
corticoid negative feedback, and overall higher hair cortisol
concentrations relative to dominant monkeys (Michopoulos,
Higgins, et al., 2012a; Michopoulos, Reding, et al., 2012b;
Qin et al., 2013). Chronic stress, particularly when experi-
enced early in life, may have a pronounced negative effect
on attentional control, and has been shown to increase suscep-
tibility to attentional capture of threatening and emotional
stimuli in both children and rodents (Cohen et al., 2013;
Tottenham et al., 2010, 2011). Rhesus monkeys who experi-
ence early life stress have also shown modified responses to
threatening social stimuli compared to controls in a dot-probe
task (Morin et al., 2019). Little work has been done to evaluate
whether social status in group-housed rhesus monkeys pre-
dicts cognitive performance on cognitive control tasks. The
nonhuman flanker analog described in this manuscript may
afford the opportunity to evaluate whether social status or
stress modulate attentional control in rhesus monkeys.

We report a set of converging experiments showing that
rhesus monkeys rely on attentional control in a flanker task.
We found that performance varied with flanker congruency,
the distance between targets and flankers, differences in lumi-
nance, and differences in associative value. Most studies of
attentional control in nonhuman primates have depended on
measures of saccadic eye movements, which can only realis-
tically be implemented in laboratory settings (Cole et al.,
2009). The work described in this paper presents a validated
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alternative measure of attentional control in rhesus monkeys
which may be more readily applied across both laboratory and
naturalistic settings. The procedures described in this study
may be readily applied to other nonhuman animals, providing
opportunity to determine the extent to which these findings
generalize to other species.

The data and materials for all experiments may be made
available from the authors upon request. None of these exper-
iments were preregistered.
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