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Abstract
Some nonhuman species demonstrate metamemory, the ability to monitor and control memory. Here, we identify memory 
signals that control metamemory judgments in rhesus monkeys by directly comparing performance in two metamemory 
paradigms while holding the availability of one memory signal constant and manipulating another. Monkeys performed 
a four-choice match-to-sample memory task. In Experiment 1, monkeys could decline memory tests on some trials for a 
small, guaranteed reward. In Experiment 2, monkeys could review the sample on some trials. In both experiments, monkeys 
improved accuracy by selectively declining tests or reviewing samples when memory was poor. To assess the degree to 
which different memory signals made independent contributions to the metamemory judgement, we made the decline-test 
or review-sample response available either prospectively, before the test, or concurrently with test stimuli. Prospective meta-
memory judgements are likely controlled by the current contents of working memory, whereas concurrent metamemory 
judgements may also be controlled by additional relative familiarity signals evoked by the sight of the test stimuli. In both 
paradigms, metacognitive responding enhanced accuracy more on concurrent than on prospective tests, suggesting additive 
contributions of working memory and stimulus-evoked familiarity. Consistent with the hypothesis that working memory and 
stimulus-evoked familiarity both control metamemory judgments when available, metacognitive choice latencies were longer 
in the concurrent condition, when both were available. Together, these data demonstrate that multiple memory signals can 
additively control metacognitive judgements in monkeys and provide a framework for mapping the interaction of explicit 
memory signals in primate memory.
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Introduction

Performance on memory tasks is supported by a variety 
of memory systems, each characterized by distinct func-
tional properties and underlying neural substrates (Sherry 
and Schacter 1987; Squire and Zola-Morgan 1991; Yoneli-
nas 2002). For example, a contestant on a trivia show may 
answer based on a combination of retrieval of the correct 

answer and a vague sense of which choice feels most famil-
iar. The memory systems giving rise to these signals dif-
fer in flexibility, robustness against interference, and the 
conditions under which they are available for introspective 
monitoring. Monitorable memory signals have gained par-
ticular attention because they afford subjects the opportu-
nity to control their cognition, such as by seeking additional 
information or altering response strategy. The way in which 
subjects monitor and control different memory signals can 
be assessed using metamemory paradigms.

Metamemory is the ability to monitor memory processes 
and adapt behavior or cognition in accord with monitored 
memory signals. Metamemory is exemplified by the game 
show “Who wants to be a millionaire?” wherein contest-
ants must answer trivia questions and make judgments about 
whether they have answered correctly. Contestants are given 
the opportunity to reconsider their answers after reflection, 
or to collect additional information by contacting a friend. 
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The metamemory judgments made by contestants can be 
controlled by whether a memory was successfully retrieved, 
has been successfully held in working memory, or evokes 
strong relative familiarity compared to other test options 
(Flavell 1979; Kornell 2013; Nelson 1996). Just as memory 
performance often reflects a combination of memory signals, 
so too do metamemory judgements.

A substantial body of work with nonhuman primate spe-
cies indicates that they can monitor memory, as indicated 
by their ability to selectively decline difficult tests, review 
previously studied but forgotten information, seek informa-
tion when ignorant, or adaptively wager rewards based on 
recent test choices (Basile et al. 2015; Brown et al. 2017; 
Hampton 2001; Kornell et al. 2007; Templer and Hampton 
2012; Washburn et al. 2010). Only recently has experimental 
work been directed at determining which specific memory 
systems are subject to memory monitoring and how different 
memory signals interact to control metamemory judgments 
in nonhumans (e.g., Coutinho et al. 2015; Smith et al. 2013; 
Takagi and Fujita 2018).

Because memory systems provide different types of infor-
mation, and multiple systems contribute to performance on 
memory tasks, metamemory is likely controlled by a com-
bination of memory signals. The way that these signals are 
weighted in metamemory decisions in monkeys is unknown. 
One possibility is that in the presence of multiple memory 
signals, metacognitive choice may be guided by only one, 
such as the strongest signal. A second possibility is that mul-
tiple memory signals contribute additively to metamemory 
judgments, such that congruent positive signals strengthen 
the likelihood of a high-confidence metamemory judgment.

To evaluate the degree to which monkey metamemory is 
controlled by multiple memory signals, we compared meta-
memory judgments under conditions that always allowed for 
the use of one memory signal but systematically manipulated 
the availability of a second memory signal. In nonhuman 
primates, there is strong evidence that recognition memory 
performance is supported by at least two types of memory: 
working memory and relative familiarity (Basile and Hamp-
ton 2013; Wittig et al. 2016; Wittig and Richmond 2014). 
Working memory is a limited-capacity system that allows 
the active, relatively short-term maintenance and manipula-
tion of information (Baddeley 2000, 2003). Familiarity is a 
passive signal evoked by the re-presentation of a stimulus 
that has been seen previously (Yonelinas 2002; Yonelinas 
et al. 2010). In matching to sample memory tests, the image 
seen as a sample on the current trial can potentially be held 
in working memory during the delay. The sample image is 
also expected to be relatively more familiar than the distrac-
tors presented with it at test, because the sample is the image 
that has been seen most recently.

The degree to which working memory and familiarity are 
available for metamemory judgments can be experimentally 

manipulated. Prospective metamemory judgments are made 
before the test options have been seen and thus favor moni-
toring of working memory because information about the 
relative familiarity of the test options is not yet available. 
Concurrent metamemory judgments are made in the pres-
ence of the memory test. Monkeys can still monitor work-
ing memory in concurrent metamemory judgments, and 
additional information about the relative familiarity of the 
sample and distractors is also available.

Here, we assessed both prospective and concurrent meta-
memory judgments. In Experiment 1, we used a decline-
test paradigm, in which monkeys chose to avoid some tests 
for a small, but guaranteed, reward (Fujita 2009; Hampton 
2001; Suda-King 2008; Suda-King et al. 2013; Templer and 
Hampton 2012; Templer et al. 2017; Washburn et al. 2010). 
In Experiment 2, we used an information-seeking paradigm, 
in which monkeys chose to review the sample on some trials 
(Basile et al. 2009, 2015; Beran and Smith 2011; Call and 
Carpenter 2001; Castro and Wasserman 2013; Iwasaki et al. 
2013; Kirk et al. 2014; Kornell et al. 2007; Marsh 2014; 
Marsh and MacDonald 2012; McMahon et al. 2010; Vining 
and Marsh 2015; Watanabe and Clayton 2016). Using these 
two paradigms to assess metacognition, presented both pro-
spectively and concurrently, provides a powerful test of the 
generalizability of our findings.

To compare the contributions of working memory and 
familiarity in both decline-test and information-seeking 
paradigms, we required a common metric. In prior work 
with the decline-test paradigm, monkeys showed a perfor-
mance advantage on chosen tests compared to performance 
on forced tests when there was no option to decline the 
memory test (Brown et al. 2017; Hampton 2001; Templer 
and Hampton 2012). When monkeys monitored memory 
to choose when to use the decline-test response, they dis-
proportionately chose to take trials when memory was 
strong and selectively avoided tests on which memory was 
weak, resulting in higher accuracy on tests they chose to 
take. Forced trials included both trials on which memory 
was strong, which would have been chosen had that option 
been available, and trials on which memory was weak, 
which may have been declined, had the option been avail-
able. This accuracy benefit can be applied equivalently to 
both decline-test and information-seeking paradigms. On 
choice trials in the information-seeking paradigm, subjects 
can either choose to take the test immediately, if memory is 
strong, or first review the sample, if memory is weak. Forced 
trials, when the option to review the sample is omitted, will 
include some tests that would have been taken immediately 
and some tests when subjects would have first reviewed the 
sample, had the option been available. Thus, adaptive use 
of the review sample response in the information-seeking 
paradigm should result in a performance advantage on cho-
sen trials over forced trials. If both working memory and 
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familiarity signals are monitorable, we should see the per-
formance advantage for chosen over forced trials in both 
prospective and concurrent choice conditions of the decline-
test and information-seeking paradigms.

If both working memory and familiarity contribute to 
metamemory performance, then the benefit resulting from 
use of both the decline-test and review-sample options will 
be larger in the concurrent than the prospective condition. 
This is because both working memory and the familiarity 
evoked by the test stimuli may jointly guide concurrent 
metacognitive choices, but only working memory can guide 
prospective choices.

Experiment 1: decline‑test paradigm

Methods

Subjects

Subjects were eight-pair-housed male rhesus macaque 
monkeys (Macaca mulatta), with a mean age of 7 years at 
the beginning of these studies. Three subjects had previ-
ous experience with a manual metacognition task (Templer 
and Hampton 2012). All subjects had prior training with 
the concurrent metamemory version of the information-
seeking paradigm (Basile et al. 2015). All subjects also had 
prior training and generalization tests with the decline-test 
paradigm across a variety of perceptual discriminations, as 
well as memory tests conducted across a range of retention 
intervals (Brown et al. 2017).

Apparatus

We tested monkeys in their home cages, using portable 
touchscreen computer rigs consisting of a laptop computer 
(Dell, Round Rock, TX) with generic speakers, a 15″ color 
LCD touchscreen (ELO, Menlo Park, CA), and two auto-
mated food dispensers (Med Associates Inc., St. Albans, 
VT) that dispensed into food cups beneath the screen. Food 
reinforcement consisted of 94 or 97 mg nutritionally com-
plete primate pellets (Bio-Serv, Frenchtown, NJ and Purina 
TestDiet, Richmond, IN). Calories from pellets earned dur-
ing testing were subtracted from monkeys’ daily primate 
biscuit chow rations, such that monkeys consumed the same 
number of calories daily, regardless of testing performance. 
Daily calorie budgets were established by veterinary staff 
based on weight trajectories and clinical assessments. Mon-
keys had ad libitum access to water. We presented stimuli 
and collected responses using programs written in Presenta-
tion (Neurobehavioral Systems, Albany, CA).

Procedure

Monkey housing and testing conditions

During testing, paired monkeys were separated by divid-
ers that allowed visual and physical contact through large 
slots, but prevented access to adjacent testing equipment. 
Monkeys had ad libitum access to their testing rigs up to 
7 h per day.

Monkeys completed trials of a four-choice delayed-
matching-to-sample (DMTS) task with a metacognitive 
choice phase (Fig. 1). Four clipart images were used across 
all sessions, such that every image was seen at test on every 
trial. All responses required two touches (FR2) to prevent 
recording undirected contacts with the touchscreen as 
responses. To start a trial, monkeys touched a green ready 
square at the bottom center of the screen. A sample image 
then appeared in the center of the screen. Touches to the 
image resulted in a blank screen for a retention interval rang-
ing from 4 to 28 s, depending on the individual monkey.

Metacognitive choice stimuli appeared after the delay, 
which allowed monkeys to take the DMTS test for a large 
reward if correct or avoid the test for a small but guaranteed 
reward. The metacognitive choice phase consisted of two 
black and white clipart choice stimuli, which could appear 
concurrently, at the same time as the test stimuli, or pro-
spectively, before the test stimuli (Fig. 1). The accept-test 
stimulus, a check-marked square, was vertically centered 
on the right side of the screen. Touches to the accept-test 
stimulus extinguished metacognitive choice stimuli and 
made the test stimuli responsive to touch. Selection of the 
target image seen at study resulted in a distinctive auditory 
signal and two food pellets. Selection of a distracter resulted 
in auditory feedback and black screen for a brief timeout 
period. The decline-test stimulus, a thumbs-down, was verti-
cally centered on the left side of the screen. Selection of the 
decline-test stimulus resulted in the immediate presentation 
of a red bar at the top center of the screen. Touches to this 
guaranteed small reward stimulus resulted in a distinctive 
auditory signal and one food pellet.

To ensure that monkeys declined some, but not all tri-
als, we titrated the number of touches required to obtain 
the guaranteed small reward after each session. The number 
of touches was increased or decreased by two if the overall 
decline rate was greater than 70% or less than 30%, respec-
tively, with the minimum possible touches being two. Our 
titration of the number of responses required for the guar-
anteed small reward took place between sessions and thus 
affected the overall rate of use of the decline-test response 
within a session but did not differ on a trial-by-trial basis. 
Thus, titrating this response kept behavior in a range that 
permitted detection of differences in the use of the decline-
test response, but could not create such differences.
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On 2/3 of trials, monkeys were presented with both meta-
cognitive choice stimuli. On the other 1/3 of trials, only the 
accept-test stimulus was presented, forcing subjects to take 
the test. Each session consisted of 120 trials, with trial types 
pseudorandomly intermixed, such that each session con-
tained 80 choice trials and 40 forced trials.

Prospective choice sessions, in which the metacogni-
tive choice stimuli were presented before the test options, 
were alternated with concurrent choice sessions, in which 
the metacognitive choice stimuli were presented at the same 
time as the test options. Prospective and concurrent choice 
trials were not intermixed within a single session. Monkeys 
completed ten sessions of each trial type.

Data analysis

All proportions were arcsine transformed before statisti-
cal analysis to better approximate the normality assump-
tion underlying parametric statistics (Keppel and Wickens 
2004, p. 155). Geisser–Greenhouse correction was used, 
and appropriately adjusted degrees of freedom reported, 

whenever the sphericity assumption was violated (Keppel 
and Wickens 2004, p. 378).

For all experiments, we assessed accuracy by calculat-
ing the proportion correct on forced trials and on trials that 
monkeys chose to take, without declining or reviewing the 
sample, when they had the option. We assessed the interac-
tion between trial type (forced, chosen) and timing of the 
metacognitive judgement (prospective, concurrent) using 
a repeated measures ANOVA. We used follow-up planned 
paired t tests to compare accuracy on forced and chosen 
trials.

Results and discussion

Monkeys improved accuracy when the decline-test option 
was available, and did so to a greater extent in concurrent 
compared to prospective judgements. Monkeys were more 
accurate on chosen tests than they were on forced tests 
(Fig. 2; main effect of forced or chosen: F(1,7) = 39.915, 
P < .001, partial η2 = 0.851). This benefit was signifi-
cant on both concurrent and prospective tests when each 

Outcome

Sample phase

Delay phase

Test or less-
preferred 
s
mulus 
phase

Metacogni
ve
choice phase

1/3
trials

2/3
trials

1/3
trials

2/3
trials

Prospec
ve choice condi
on Concurrent choice condi
on

Fig. 1  Trial progression in the decline-test task. Monkeys touched a 
green ready square to initiate each trial (not shown). A sample clipart 
image then appeared on screen. Monkeys touched the sample image 
to advance the trial and initiate the delay interval. At the end of the 
delay, metacognitive choice images appeared. On prospective choice 
sessions (left), metacognitive choice stimuli appeared before presen-
tation of the test images. On concurrent choice sessions (right), meta-
cognitive choice images appeared at the same time as the test stimuli. 
In concurrent choices, test stimuli were unresponsive to touches until 

after the metacognitive choice was made. On 2/3 of trials, the accept-
test and decline-test choice stimuli appear together. On 1/3 of trials, 
the decline-test choice did not appear. Selection of the accept-test 
stimulus extinguished choice stimuli and activated test stimuli. Cor-
rect choices resulted in food reinforcement of two pellets; incorrect 
choices resulted in a black time out screen. Selection of the decline-
test response caused the guaranteed small reward stimulus screen to 
appear. Touches to this stimulus resulted in guaranteed food rein-
forcement of one pellet
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comparison was analyzed separately (prospective: t(7) = 
− 4.468, P = .003, d = 1.580; concurrent: t(7) = − 6.458, 
P < .001, d = 2.283). Further, there was a significant inter-
action between trial type (forced or chosen) and the time of 
the metacognitive choice (prospective or concurrent), such 
that the benefit for chosen test accuracy was greater in the 
concurrent than the prospective condition (F(1,7) = 17.025, 
P = .004, partial η2 = 0.709). The difference in forced test 
accuracy across conditions was not significant (t(7) = 0.868, 
P = .414). The greater benefit of choosing to take the test on 
concurrent choices than prospective choices is consistent 
with the hypothesis that additional information controlled 
metamemory judgments in the concurrent condition, and 
that this information was provided by the sight of the test 
items. It is likely that prospective metamemory judgments 
are controlled by monitoring of working memory, whereas 
the concurrent metamemory judgements are controlled both 
by monitoring working memory and familiarity evoked by 
presentation of the test images.

Experiment 2: information‑seeking 
paradigm

Test accuracy on chosen and forced trials in Experiment 1 
provided evidence that more or better information is avail-
able for metacognitive judgments made concurrently with 
memory tests than is available when judgments are made 
prospectively, before presentation of the tests. This benefit is 
consistent with the hypothesis that multiple memory signals 
control metamemory judgments in a manner that is inde-
pendent and additive. In Experiment 2, we used a second 

established metamemory paradigm, information-seeking, 
to further test whether multiple memory systems control 
metamemory judgments and to evaluate the generalizabil-
ity of our finding. In Experiment 2, adaptive metacognitive 
responding would result in the choice to take tests imme-
diately when memory is relatively strong, and review the 
sample prior to taking the test on trials when memory is 
relatively weak. We hypothesized that if the decline-test and 
review-sample responses are controlled by similar underly-
ing mechanisms, monkeys will show a benefit on trials they 
choose to take immediately over forced trials. Additionally, 
if working memory and familiarity signals contribute to per-
formance on these tasks, then we expect that the accuracy 
benefit of choosing which tests to complete immediately will 
be larger on concurrent choices, in which familiarity signals 
resulting from the appearance of test stimuli can additionally 
guide metacognitive choices, as compared with prospective 
choices, which are completed before familiarity signals are 
available.

Methods

Subjects and apparatus

Experiment 2 used all monkeys from Experiment 1 and 
three additional monkeys (male, full group mean age = 6) 
that had undergone the training described in Basile et al. 
(2015). Monkeys were housed in the same conditions, and 
tested on the same apparatus, as described in Experiment 1.

Procedure

Specifics of the information-seeking paradigm have been 
published in detail (Basile et al. 2015). Briefly, monkeys 
studied either a spatial location that could occupy any one 
of the four corners of the screen (Basile et al. 2015, Experi-
ments 1 and 5) or a color photograph (Basile et al. 2015, 
Experiment 6; see also Fig. 3), and had the option to either 
proceed directly to the memory test or review the sample. In 
the image condition, the same four photographs were used 
across all sessions, such that every image was seen at test 
on every trial. In spatial tests, the same four locations were 
similarly used on all trials. We included the spatial condi-
tion because the “tubes task” that this information-seeking 
paradigm is based on was originally a spatial task and so 
including the spatial condition fulfills the secondary objec-
tive of this study: to evaluate the degree to which the differ-
ent common metamemory paradigms produce similar results 
when compared directly. As in Experiment 1, we tested mon-
keys with a concurrent metacognitive choice, in which the 
test options were visible while choosing whether to review 
the sample, and with a prospective metacognitive choice, 

Fig. 2  Monkeys were more accurate on chosen tests than forced tests 
and this benefit was larger when the metamemory judgment was 
made concurrently rather than prospectively. Displayed are mean 
group accuracy (± SEM) as a function of whether the monkeys were 
forced to take the test (dark red) or chose to take the test (light green) 
and whether the metamemory judgment was made prospective to the 
test (left) or concurrently with the test (right). *p < .05 for ANOVA 
interaction and follow-up t tests that compared forced and chosen per-
formance in the prospective and concurrent conditions, respectively
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in which the test options were not presented until after the 
monkey chose whether to review the sample (Fig. 3).

To ensure that accuracy and metacognitive bias were sta-
ble and at appropriate levels to detect metacognition, we 
titrated the retention interval and the number of touches 
required to select each monkeys’ preferred metacognitive 
option. Sessions were 80 trials, half choice trials (Fig. 3, 
left) and half forced test trials (Fig. 3, right), intermixed 
and pseudorandomized such that no trial type appeared 
more than four times in a row. The retention interval was 
increased by 4 s or decreased by 2 s at the end of each ses-
sion if accuracy on forced-test trials was above 67.5% or 
below 57.5%, respectively. Requiring accuracy to be mid-
way between ceiling and chance ensured that monkeys were 
performing the task correctly and that we could detect any 
accuracy benefit of chosen trials relative to forced trials. As 
done previously (Basile et al. 2015), we also required mon-
keys to use both the review-sample and accept-test options 
regularly, with titration as described previously (Basile et al. 
2015). Briefly, the number of touches required to select the 
preferred metacognitive option was increased or decreased 

by two following every session in which the monkey chose 
that option on greater than 75% or fewer than 25%, respec-
tively, of all choice trials. For each of the four tasks, when 
accuracy and metacognitive bias were within those param-
eters for two consecutive sessions, we considered those 
stable data to use for analysis. Monkeys were tested until 
at least 100 chosen trials were available for analysis from 
stable performance sessions for each task. The total number 
of trials completed before reaching this criterion depended 
on how frequently each monkey chose to take tests. Mon-
keys progressed through the tasks in the following order: 
spatial prospective, spatial concurrent, image prospective, 
and image concurrent.

Results and discussion

Final titrated retention intervals ranged from 2 to 32 s. All 
monkeys preferred the review-sample over the accept-test 
metacognitive option. Consequently, the review-sample 

Outcome

Sample phase

Delay phase

Test or 
review-
sample phase

Metacogni�ve
choice phase

1/2
trials

1/2
trials

1/2
trials

1/2
trials

Prospec�ve choice condi�on Concurrent choice condi�on

Fig. 3  Progression of trials of the information-seeking task. Monkeys 
touched the green ready square to initiate trials (not shown). A sam-
ple (image condition pictured) then appeared on screen for 200  ms 
and then disappeared. At the end of the programmed delay, metacog-
nitive choice images appeared. On prospective choice sessions (left), 
the metacognitive choice stimuli appeared before the test options. On 
concurrent choice sessions (right), the metacognitive choice images 
appeared concurrently with test stimuli. On 1/2 of trials, the accept-
test and review-sample choice stimuli appear together. On 1/2 of tri-
als, the review-sample response did not appear. Choice of the accept-

test stimulus caused the metacognitive choice stimuli to disappear 
and the test stimuli to become responsive to touch. Tests resulted in 
food reinforcement of one pellet (correct) or a blank time out screen 
(incorrect). Selection of the review-sample response caused the sam-
ple phase to be shown again. After monkeys had the opportunity to 
review the sample, the test was presented, with the outcome contin-
gencies described above. The location memory version was identical 
except that all stimuli were identical red dots and the monkeys had to 
remember the screen location of the sample dot
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metacognitive option required between 6 and 52 touches to 
select, depending on the strength of the monkey’s preference.

As a result of titrating performance, accuracy did not 
vary as a function of sample type (Fig. 4; spatial or image; 
F(1,10) = 3.04, P = .11). Additionally, sample type did not 
interact with any other factor (all Ps > 0.098). Monkeys were 
more accurate on chosen tests than they were on forced tests 
regardless of sample type (F(1,10) = 14.63, P = .003, partial 
η2 = 0.594). Further, as with the decline-test paradigm, there 
was a significant interaction between trial type (forced or 
chosen) and the time of the metacognitive choice (concur-
rent or prospective), such that the benefit to chosen test 
accuracy was greater in the concurrent than the prospec-
tive condition (F(1,10) = 7.11, P = .024, partial η2 = 0.416). 
The difference in monkeys’ forced test accuracy across 
all conditions was not significant (F(3,30) = 1.83, P = .16). 
This reproduces the main finding from Experiment 1 using 
review-sample in the place of the decline-test response. The 
larger memory benefit of choosing to take the test on concur-
rent choices than prospective choices with both paradigms 
provides converging evidence that information from multi-
ple memory systems act additively to control metamemory 
choices. Because the most obvious difference between the 
concurrent and prospective choices is the presence of the 
test options, the improved accuracy likely results from the 
additional information available from comparing the rela-
tive familiarity of the test stimuli, which is available only 
on concurrent tests.

Analysis of latency data

We hypothesized that the results we obtained in Experi-
ments 1 and 2 were due to monitoring working memory in 

the both conditions, supplemented by additional stimulus-
evoked familiarity in the concurrent condition. The analyses 
of accuracy in the decline-test and information-seeking para-
digms were consistent with the hypothesis that metacogni-
tive decisions are additively controlled by multiple memory 
signals. To further evaluate whether an additional familiar-
ity signal contributed to concurrent metacognitive choices, 
but did not contribute to prospective judgements, we con-
ducted additional analyses of decision latency. If monkeys 
do indeed evaluate the additional information from the 
familiarity evoked by the sight of the test items in concurrent 
tests, then this should be evident as an increased decision 
time during the metacognitive choice epoch on concurrent 
judgments as compared to prospective judgments. Although 
familiarity is a passive automatic process, monkeys would 
need the additional time to scan the available test responses 
and compare the relative familiarity signals. In contrast, if 
both prospective and concurrent metamemory judgments are 
controlled solely by working memory, monkeys should be 
equally quick during the metacognitive choice epoch in both 
concurrent and prospective tests because working memory 
is equally available in both conditions.

Data analysis

We evaluated the median latency to complete the metacogni-
tive choice and the latency to complete the memory test for 
all chosen trials, regardless of whether the monkeys selected 
the correct response at test. Latencies were calculated based 
on the first touch in the information-seeking paradigm and 
the required number of touches to make the primary meta-
cognitive choice in the decline-test paradigm was the same 
across trials. Therefore, titration of metacognitive respond-
ing could not have differentially affected latency in the con-
current condition.

Latency results and discussion

In both paradigms, processing time differed by epoch, 
as indicated by significant interactions of metacognitive 
choice placement (prospective or concurrent) with trial 
epoch (metacognitive choice or memory choice; Fig. 5; 
decline-test paradigm: F(1,7) = 113.227, P < .001, partial 
η2 = 0.942; information-seeking, images: F(1,10) = 99.007, 
P < .001, partial η2 = 0.908; information-seeking, spatial: 
F(1,10) = 5.696, P = .038, partial η2 = 0.363). When making 
the metacognitive choice to decline-test or review-sample, 
monkeys devoted significantly more time to selecting a 
metacognitive response in the concurrent condition com-
pared with the prospective condition (Fig. 5; decline-test 
paradigm: t(7) = 10.382, P < .001, d = 3.671; information-
seeking, images: t(10) = 6.899, P < .001, d = 2.080; infor-
mation-seeking, spatial: t(10) = 2.425, P = .036, d = 0.73). 

Fig. 4  Monkeys were more accurate on chosen tests than forced 
tests and this benefit was larger for concurrent than prospective tests. 
Mean group accuracy (± SEM) as a function of sample type (spatial 
or image), timing of the metacognitive choice (prospective or concur-
rent), and whether the monkeys chose to take the test without review-
ing the answer or were forced to take the test
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When making a memory choice at test, monkeys showed 
the opposite pattern for both image-memory tests, devot-
ing significantly more time in the prospective condition 

compared with the concurrent condition (Fig. 5; decline-test 
paradigm: t(7) = − 9.357, P < .001, d = 3.308; information-
seeking, images: t(10) = 7.924, P < .001, d = 2.389), but this 
difference was not significant for the spatial memory tests 
of the information-seeking paradigm (t(10) = 1.793, P = .103, 
d = 0.54). Longer time spent on the metacognitive choice 
epoch is consistent with our hypothesis that information 
from both working memory and stimulus-evoked familiar-
ity additively control concurrent metacognitive judgments. 
This is because it should take longer to evaluate two sources 
of metamemory control than it does to evaluate just a single 
source of control.

General discussion

Across the decline-test and information-seeking metamem-
ory paradigms, monkeys were more accurate on trials they 
chose to take than those they were forced to take, replicating 
the basic metamemory findings associated with these para-
digms. The accuracy benefit on chosen trials was consist-
ently greater, across paradigms, when monkeys made meta-
cognitive judgments in the concurrent condition than in the 
prospective condition. Monkeys also took longer to make 
concurrent metamemory judgments, when more information 
was available, than they did to make prospective metam-
emory judgments. In the prospective condition, the mon-
keys must make decisions based on the contents of working 
memory alone; however, in the concurrent condition, mon-
keys must take additional time to scan the test responses, 
compare relative familiarity signals, and conceivably check 
whether the most familiar item is consistent with the item 
held in working memory. These findings support the hypoth-
esis that there is more mnemonic information available to 
cue metacognitive judgments in the concurrent condition 
than the prospective condition.

The most plausible memory signals controlling monkeys’ 
metacognitive choices in this study are working memory 
and stimulus-evoked familiarity. In both the concurrent and 
prospective conditions, working memory for the sample 
is potentially available through the retention interval, and 
is a signal likely to control metamemory judgments. It is 
likely that monkeys actively kept the sample image in work-
ing memory because we used task parameters (e.g., small 
image sets and relatively short retention intervals) that have 
been shown in previous research to promote active work-
ing memory (Basile and Hampton 2013). In addition, we 
manipulated the availability of stimulus-evoked familiarity 
by manipulating the timing of the metacognitive choice. In 
the prospective condition, the metacognitive choice took 
place prior to the appearance of the test. Requiring monkeys 
to make the metacognitive choice prior to the appearance 
of the test should encourage reliance primarily on work-
ing memory because the test stimuli were not present to 
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Fig. 5  Monkeys allocated more time to the metacognitive choice 
in concurrent judgments than in prospective judgments. a depicts 
decline-test paradigm with image stimuli, b depicts information-
seeking paradigm with image stimuli, c depicts information-seeking 
paradigm with spatial stimuli. Median response latency in millisec-
onds (± SEM) as a function of metacognitive choice placement and 
latency epoch. Metacognitive choice was prospective (solid) or con-
current (striped) with the presentation of the test. Latency epoch was 
divided into time spent making the metacognitive choice (left) and 
the test choice (right)
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evoke familiarity. In the concurrent condition, the metacog-
nitive choice appeared simultaneously with the test, such 
that monkeys could base metacognitive choices on the rela-
tive familiarity of the sample and distractors, in addition to 
monitoring working memory. Familiarity is most often char-
acterized as a signal automatically evoked by the sight of 
previously seen stimuli (Jacoby 1991). Thus, it is reasonable 
that in the concurrent condition, heightened familiarity for 
the recently viewed sample, taken additively with working 
memory strength, would increase the accuracy of metam-
emory judgments. We do note that the familiarity of the most 
recently seen sample image is probably only slightly greater 
than the familiarity of the distractor images because all of 
the images have been seen recently in preceding trials. The 
extent to which familiarity would control test choice, as well 
as metacognitive choice, would presumably be much greater 
if memoranda were trial unique images. It is also possible 
that other memory signals, as well as other non-mnemonic 
cues contribute to metamemory performance. Identifying 
these signals and how they interact to support behavior will 
be an interesting problem for future research.

The longer metacognitive decision times in concurrent 
tests are consistent with the hypothesis that when multi-
ple memory signals are present, they control metamemory 
judgements additively. Monkeys spent more time making the 
metacognitive choices and used that option to greater benefit 
when the relative familiarity of the test stimuli was avail-
able for evaluation compared to when only working memory 
was available. This increased decision time likely results 
from additional evaluation of the relative familiarity signals 
evoked by the sight of the test items. These signals might 
reinforce or countermand the contents of the monkey’s 
working memory. A slightly different, but not incompat-
ible explanation is that monkeys already have a planned test 
response in mind, and allocation of response time represents 
a visual search for that planned test response. This visual 
search would take place prior to the metacognitive choice in 
the concurrent test and after the metacognitive choice in the 
prospective choice. An alternative explanation for the effect 
of concurrent vs. prospective condition on accuracy is that 
the choice latency in the prospective condition imposes a 
longer retention interval than monkeys experienced in the 
concurrent condition. Because prospective choice laten-
cies were so brief relative to the total retention interval, this 
explanation is unlikely to be correct.

Although monkeys showed a similar pattern of cognitive 
processing time in the spatial test, the longer metacogni-
tive choice epoch latency for concurrent trials was greatly 
attenuated and the longer test epoch latency for prospective 
trials was absent. One explanation for the difference between 
image and spatial tests is that monkeys devote less process-
ing time to search for the remembered location in spatial 
tests compared to tests with images. Although the red dots 

that mark potential response sites are absent in the prospec-
tive test, the remembered screen location is likely encoded 
relative to landmarks on the screen that are always present 
because the screen itself is present. This means that monkeys 
can make a decision about where to respond without scan-
ning the whole screen. In contrast, on tests with images, the 
location of the correct response must be identified before a 
selection can be made. Although it is less clear what famili-
arity means in the case of spatial memory, because space is 
essentially always present in these tests, the intriguing simi-
larities in performance across paradigm and stimulus type 
warrant further study. The addition of eye-tracking data to 
this task would provide more evidence to use in identifying 
the specific search strategy that monkeys employ. For exam-
ple, monkeys might engage in an exhaustive search prior 
to metacognitive choice in the concurrent condition with 
images, but saccade immediately to the intended response 
in tests of spatial memory.

As in all studies of metacognition, monkeys did not make 
perfect metamemory judgments (Basile et al. 2015; Brown 
et al. 2017; Hampton 2001; Templer and Hampton 2012). 
Across conditions, monkeys never approached perfect accu-
racy on trials that they chose to take. Although it is tempting 
to characterize this as unusually poor performance relative to 
what we feel we might do as humans, humans have not been 
tested under these conditions on these paradigms. Even in 
humans, cognition is not always accurate and metacognition 
is also subject to errors (Maniscalco and Lau 2012; Nelson 
1996). It is likely that the cues controlling metamemory 
responding are subtle and noisy in both species. Metacog-
nitive sensitivity may represent a continuum across taxa, 
with some species more attuned to the often-subtle cues that 
control metacognitive judgments. It is likely that metacogni-
tive responding is less precise in macaques than in humans, 
and that metacognitive signals are less robust in monkeys 
than in humans. However, humans usually have years of 
explicit metacognitive training in school and in other set-
tings, so direct comparisons are problematic. There is some 
evidence that monkeys improve metacognitive responding 
over the course of multiple generalizations (e.g., Brown 
et al. 2017). It may be worthwhile to explore the degree to 
which training on metacognition tasks enhances metacogni-
tive sensitivity. We cannot speak to whether monkeys, like 
humans, have subjective experiences of certainty or uncer-
tainty when making metamemory responses. However, we 
have here manipulated the information available to control 
metamemory decisions in our best attempt to understand 
which memory signals are accessible to monitoring.

Strictly associative accounts have been proposed to 
explain the results obtained from some nonhuman meta-
cognition paradigms (Carruthers 2008; Jozefowiez et al. 
2009; Le Pelley 2012). In response to these criticisms, 
some researchers have made attempts to obscure the 
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relation between the metacognitive response and primary 
reinforcement (e.g., Couchman et al. 2010; Smith et al. 
2006). Here, we fully acknowledge that the monkeys 
likely pair specific responses to specific mental states via 
well-understood associative mechanisms. Manipulating 
the available information and measuring the change in 
responding, which is presumably driven by maximization 
of reinforcement, is what allows us to infer changes in 
mental state. Thus, to the degree that associative accounts 
posit that different mental states are the discriminative 
cues controlling behavior, we agree.

The increased benefit to metamemory judgments under 
the concurrent condition over the prospective condition 
is likely the result of additive information from multiple 
memory signals rather than a shift to basing judgments on 
different systems in the different conditions. Because the 
same four stimuli were seen on every trial, all stimuli likely 
evoked high familiarity at tests. Though it appears that the 
relative familiarity of the sample still provided a useful 
memory signal for making accurate metamemory judg-
ments, this signal is likely weak and noisy. The addition of 
information from familiarity to the information from work-
ing memory would provide a modest but reliable benefit to 
accuracy, as obtained here. It has sometimes been suggested 
that monkeys use the additional information provided in 
concurrent test conditions to make metamemory judgments 
(e.g., Hampton 2009); however, this is the first study to use a 
direct comparison between prospective and concurrent judg-
ments to provide strong evidence that this is the case. Future 
studies might utilize more direct manipulation of working 
memory and familiarity signals, for example, through the 
manipulation of image set size. A more graded accuracy 
difference obtained across a range of familiarity strengths 
would support the hypothesis that the additive effects of 
multiple memory signals control metamemory judgments.

In humans, a distinction is made between the monitoring 
and control aspects of metamemory. For example, a student 
can monitor their memory to report on whether they remem-
ber the answer to a test question, and they can control their 
memory by studying information that they do not remember. 
Because nonhumans cannot provide verbal response, they 
necessarily “self-report” the status of memory by engaging 
in control, reviewing answers or avoiding tests. The para-
digms currently used to test metamemory in nonhumans blur 
the monitoring-control distinction, though the separability of 
monitoring and control in nonhumans would be an interest-
ing topic of future research.

In conclusion, monkeys show similar patterns of accuracy 
and latency across decline-test and information-seeking par-
adigms, two metamemory tasks commonly used with non-
humans. A similar pattern of performance in both paradigms 
provides converging evidence that multiple memory signals 
can additively control metacognitive judgements in monkeys 

and provides a framework for mapping the interaction of 
explicit memory signals in primate memory.
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