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Abstract  

 

Rhesus monkeys (Macaca mulatta) shift working memory resources to prioritize the maintenance of 

relevant information  

Ryan J. Brady1,2, Robert R. Hampton1,2  

1Department of Psychology, Emory University  

2Yerkes National Primate Research Center 

 

 

 Working memory is a system by which a limited number of representations are 

maintained in the absence of sustained sensory input. Because resources are limited, the ability to 

control working memory resources is critical to prioritize the maintenance of information 

relevant to the current task. While evidence exists that monkeys exhibit some control over 

working memory, the extent to which monkeys can select among multiple representations to 

prioritize maintenance of relevant information is not known. Using a post-sample cueing 

paradigm, we tested the extent to which monkeys can prioritize the maintenance of relevant 

information among competing representations held in working memory. Monkeys saw an array 

of multiple items. Shortly after its disappearance, they were visually cued to a location that 

predicted which item would be tested in a subsequent recognition test. If monkeys prioritize the 

maintenance of the cued item, then they will show better memory for cued items compared to 

non-cued items. The results of three experiments indicate that monkeys prioritize the cued item 

with a memory load of two items, but not three. Our results suggest that monkeys, similar to 

humans, shift working memory resources to prioritize the maintenance of relevant information. 

Future work will be aimed at understanding the relationship between cognitive load and working 

memory control. 
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1. Introduction 

 Working memory is a system by which a limited number of representations are 

maintained in the absence of sustained sensory input (Baddeley & Hitch, 1974; Oberauer, 2013) 

Because working memory resources are limited, it is critical to prioritize the maintenance of 

information relevant to the current task (Chun, Golomb, & Turk-Browne, 2011; Cowan, 2010; 

Unsworth & Engle, 2007). For instance, when navigating to a destination you may encode 

directions comprised of several steps. Each step you complete then becomes irrelevant to 

reaching your destination and does not need to be further maintained. It is beneficial then, to 

control memory resources in order to prioritize the maintenance of the relevant directions still to 

be completed. In humans, memory maintenance and control is often accomplished through the 

aid of verbal rehearsal (Baddeley, 2000; Smith, Jonides, & Koeppe, 1996; Wright et al., 1990). 

Thus, it is unclear how nonverbal species may engage in similar memory maintenance and 

control. 

 Recent studies have provided evidence that monkeys, similar to humans, may engage in 

active memory control such as the rehearsal of visual stimuli (Basile & Hampton, 2013), and the 

maintenance of working memory contents when a cue predicts an upcoming memory test (Tu & 

Hampton, 2014). However, a critical component of working memory control that has not been 

addressed in monkeys is the ability to selectively prioritize the maintenance of relevant 

information. We investigated the extent to which monkeys can select among multiple 

representations in working memory to prioritize the maintenance of relevant information. 
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 Directed forgetting paradigms in humans have been used to test how memory resources 

are actively controlled to maintain specific items in working memory. When shown one or many 

stimuli to encode, participants can control whether or not they allocate memory resources to 

maintain items when a cue instructs them to do so (MacLeod, 1998). Typically, participants 

encode a set of items and are given a cue that predicts either an upcoming memory test, or a test 

not related to the encoded items such as a visual discrimination task. Control of memory 

resources is inferred from superior memory performance for items participants encoded and were 

instructed to remember, compared to items participants were not instructed to remember. 

Particiapnts show a memory benefit items cued to remember whether the cue is presented before, 

during, or after presentation of the sample stimuli, demonstrating that humans have a high degree 

of control over how memory resources are directed in working memory (MacLeod, 1998; Sheard 

& MacLeod, 2005). 

 In order to investigate the control of working memory in nonhumans, directed forgetting 

paradigms can be modified by replacing verbal instructions with contingencies of reinforcement 

where some conditions benefit from the control of memory and others do not (Tu & Hampton, 

2014). Initial work applying this paradigm to nonhumans was performed with pigeons and 

monkeys (Roberts, Mazmanian, & Kraemer, 1984; Roper & Zentall, 1993; Washburn & Astur, 

1998), however these studies produced varying results. Recent evidence from applying the 

directed forgetting paradigm to monkeys suggests that nonhuman primates may engage in 

control of memory resources similar to humans (Tu & Hampton, 2014). Monkeys were trained in 

a visual matching-to-sample paradigm with a post-sample memory cue. The cue was either a 

remember-cue, indicating an upcoming matching test that required memory for the sample, or a 

forget-cue, that indicated an upcoming discrimination test that did not require memory of the 
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sample. Accuracy for the sample was significantly less when the matching test unexpectedly 

came after a forget-cue compared to when the matching test came after a remember-cue. This 

performance decrement was not due to the surprise of the unexpected matching test, as 

performance was no different when the discrimination test unexpectedly came after the 

remember-cue. Thus, the inferior memory performance when unexpectedly tested after being 

cued to forget a sample, suggests that the memory cue controlled whether or not monkeys 

maintained the contents of working memory until the memory test (Tu & Hampton, 2014).  

 It is important to note that the remember-cue used in Tu & Hampton (2014) indicated that 

all sample items encoded, either one or a list of two, should be maintained until test. Thus, all 

items that were encoded should be remembered equally following a remember-cue, or all items 

encoded did not need to be remembered following a forget-cue. While this paradigm tested a 

broad degree of control within working memory, it did not address the ability to select among 

many representations in working memory to prioritize relevant information. This is a critical 

component of efficiently controlling working memory resources as the priority of which 

representations should be maintained in working memory is dynamic and dependent on the 

current goal. Thus, a more specific test of how monkeys control working memory resources 

would be to test if monkeys prioritize the maintenance of a single task-relevant item amongst 

other task-irrelevant items concurrently held in working memory.  

 The human ability to selectively shift memory resources between representations in 

working memory has traditionally been investigated through the retro-cue paradigm (Astle & 

Scerif, 2011; Berryhill, Richmond, Shay, & Olson, 2012; Griffin & Nobre, 2003; Lepsien, 

Griffin, Devlin, & Nobre, 2005; Matsukura, Luck, & Vecera, 2007; Sligte, Scholte, & Lamme, 

2008). Typically, participants are presented with an array of stimuli to encode, and then provided 
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a spatially informative cue presented up to <1-10 seconds after the offset of the array (Astle & 

Scerif, 2011; Griffin & Nobre, 2003). The cue indicates to participants which of the stimuli in 

the previously viewed array will be tested in an upcoming recognition test. Prioritization of the 

cued item is inferred when participants are more accurate or respond more quickly on trials for 

which the cue correctly predicts which item will be tested, compared to trials for which the cue 

incorrectly predicts which item will be tested, and to neutral trials that do not contain a cue 

(Griffin & Nobre, 2003). Because the cue is presented after the offset of the studied array of 

images, memory for the cued item benefits only if participants both 1) maintain the spatial layout 

of the items in the studied array, and then 2) prioritize the maintenance of the item that was 

previously in the cued location.  

 We applied the retro-cue paradigm to investigate the extent to which monkeys control 

memory resources to prioritize the maintenance of relevant over less relevant representations 

held in working memory. In Experiment 1, we trained monkeys to associate a spatial post-sample 

cue (retro-cue) with the expectation that the item previously in that location would be tested in an 

upcoming recognition test. We presented monkeys with a stimulus array of two items and tested 

whether or not monkeys would use a predictive retro-cue to prioritize the maintenance of the 

cued item in working memory. We hypothesized that if monkeys do control memory resources to 

prioritize relevant information, then memory performance for cued items would be significantly 

better than probe trials in which the un-cued irrelevant item was tested. 

 

2. Experiment 1  
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 We were first interested if monkeys would appreciate the predictive value of a retro-cue 

and what effect it would have on memory performance. In a yes/no recognition paradigm, 

monkeys were presented with an array of two items to remember, and would later have to decide 

whether a probe stimulus had been present in the previous array. Between the sample array and 

test, monkeys were given a spatially informative retro-cue that appeared in the location of the 

item (see Fig. 1). The retro-cue validly predicted which item would be tested 88 percent of the 

time. Importantly, because the retro-cue appeared after the offset of the stimulus array, monkeys 

had to remember which sample was in the cued location in order to associate the cue with the 

sample that would be tested. To test if monkeys were in fact prioritizing the cued item within 

working memory, performance for congruent trials, in which a cued item was tested, was 

compared with incongruent probe trials, in which the non-cued item was unexpectedly tested 

(Fig. 1). We hypothesized that if monkeys shifted memory resources within working memory to 

prioritize the maintenance of the cued item, then performance for congruent trials would be 

significantly higher than incongruent trials.  

 2.1 Methods 

 2.1.1 Subjects and apparatus 

 Eight adult male rhesus monkeys (Macaca mulatta) were used. Monkeys were pair-

housed, received a full daily food ration, and had ad libitum access to water. Monkeys had prior 

experience with automated cognitive testing using a touch-screen computer. Each portable 

testing rig contained a 15-inch color LCD touch-sensitive screen (Elo TouchSystems, Menlo 

Park, CA) operating with a resolution of 1024 X 768 pixels, and two automatic food dispensers 

(Med Associates, Inc., Stl. Albans, VT) that delivered nutritionally balanced primate pellets 
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(Bio-Serv, Frenchtown, NJ) into food cups below the screen. A screen was mounted on the front 

of each monkeys' cage. Testing was controlled by a personal computer with a custom program 

written in Visual Studio 2013 (Microsoft Corporation).  

  

  2.1.2 Stimuli 

 During each session, a black screen contained five 218 X 196 pixel square frames with a 

white border. They were arranged in a cross pattern, so that a square was in the center with the 

other four squares arranged on each side of the middle square. The square frames never went 

away during a test session, and served as the locations in which stimuli appeared (see Fig. 1). 

Test stimuli consisted of a small set of nine 146 X 139 pixel color photographs of nature scenes 

that were used throughout all experiments. During a recognition test, a white circle with an M 

crossed out in the middle was used for monkeys to indicate a not-there response.  

 2.2 Procedure 

 Experiments were conducted in the monkeys' home cages. During testing the pair-housed 

monkeys were separated by dividers that allowed limited visual and physical contact, but 

prevented access to one another's testing equipment. Each subject received multiple sessions per 

day, six days a week.  

  2.2.1 Initial Training 

 Monkeys were first trained on a yes/no recognition paradigm. All trials began by 

touching a green square (100 X 91) presented in the middle of the center square frame. Monkeys 

had to touch the square twice (FR2) to enter the study phase. During the study phase, the green 
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square disappeared and two picture samples were presented simultaneously for two seconds.  

After the two seconds, the samples disappeared and were followed by a 1.8 second delay in 

which only the square frames were on screen. After the delay period, the recognition test began. 

During the recognition test, a test image would appear in the middle square frame, in addition to 

a not-there response that appeared below the right most square frame (See Fig 1). Touching 

(FR2) the image in the middle box frame was correct when one of the samples had been 

previously seen during study for that trial. Touching (FR2) the not-there response was correct 

when the test image was not one of the two samples that had been previously seen during study 

for that trial. Correct responses were rewarded with one banana pellet as well as an "Excellent!" 

sound. Incorrect responses resulted in a "D'oh!" sound and a seven second time-out in which 

only the square frames were on screen. Correct trials were separated by an inter-trial interval of 5 

seconds.  

 Training sessions consisted of 120 trials, 60 match trials, and 60 non-match trials. All 

trials were broken into blocks of 24 so that each session contained five blocks. Within each 

block, each of the four study locations contained sample items equally, and each location was 

paired with the other three study locations an equal number of times. Each sample appeared four 

times per block during the study phase, with the exception of six samples, which were used once. 

The six samples used once per block were randomly selected at the beginning of each block. The 

pairing of samples during study never repeated within a block. Of the 60 match trials, a sample 

from each location was used as a test image three times. Of the 60 non-match trials, samples 

were randomly selected per block to serve as the test image. Monkeys completed a minimum of 

six sessions and moved to the next phase if they reached a criterion of 75 percent accuracy for 

two sessions in a row. All monkeys reached criterion between six and fifteen sessions.  



15 
 

  2.2.2 Concurrent Cue Training 100 % predictive 

 The monkeys were then introduced to an attentional cue that was presented concurrently 

with the sample stimuli. The cue was a larger frame that bordered one of the box frames, and the 

original box frame changed from a solid border to a dashed line border (see Fig. 1). This cue 

appeared for 150 ms, disappeared for 150 ms, and appeared again for 150 ms to create the 

perception of a blinking square frame that captured the monkeys attention. The first blink began 

150 ms before the onset of the sample, and the second blink began 150 ms after the onset. 

Because the cue appeared before and during the presentation of the stimuli, it served as both a 

pre-cue and a concurrent cue. The cue was 100 percent predictive so that on all match trials, the 

cued picture would be the sample image during test. In concurrent training, monkeys can 

perceptually identify the stimulus to remember because the cue appears concurrently with the 

stimulus. The purpose of this training was to 1) ensure that adding an attentional cue would not 

disrupt performance on the overall task, and 2) to train monkeys to associate the cue with the 

sample image that they had to remember. On all 60 non-match trials, the cued image would not 

be the sample image at test. All monkeys were tested on this phase until they reached a criterion 

of 80 percent accuracy in two consecutive sessions. Once reaching criterion, they were moved to 

retro-cue training.  

  2.2.3 Retro-cue training 100 % predictive 

 We ran monkeys on a retro-cue training phase before inserting probe trials to ensure that 

they could perform the task accurately, since the attentional cue would now be occurring after 

the offset of the sample array rather than concurrently with the samples. Monkeys were trained 

on the same paradigm as concurrent cue training, except with the cue appearing during the delay 
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period between study and test. After initiating a green ready square (FR2), monkeys saw two 

sample stimuli for two seconds. The stimuli disappeared and 700 ms later the cue occurred. The 

cue was the same as in concurrent cue training. It appeared as a larger square frame outlining one 

of the spatial locations in the array, and flashed twice for 150 ms with a 150 ms pause in 

between. Following the cue, the test image appeared 650 ms later (see Fig. 1). The total time 

from stimulus offset to test was 1.8 seconds.  

 Training sessions were the same number of trials and were counterbalanced the same as 

in initial training. To meet criterion, monkeys had to run at least six sessions and obtain 80 

percent accuracy on two consecutive sessions. All but two monkeys met this criterion in less than 

15 sessions. For these two monkeys, the delay after the cue was shortened from 1.8 seconds to 

1.5 seconds in order to improve accuracy. With this adjustment, the two monkeys met criterion 

within 15 additional sessions.  

  2.2.4 Test of retro-cue probe trials  

 Once monkeys met criterion, probe trials were administered. The paradigm was the same 

as retro-cue training, with the exception that five of the 60 match trials (8%) were probe trials. In 

a probe trial, the sample that was presented during study but not cued was used as the test image. 

Across each session, an image from each location served as the probe image. Choosing the test 

image was reinforced appropriately as a correct answer. Monkeys ran eight sessions of this 

phase, which summated to 40 total probe trials.  
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 2.3 Results and Discussion 

 The aim of Experiment 1 was to investigate whether or not monkeys would use a 

predictive retro-cue to prioritize the maintenance of the cued sample. Monkeys performed well 

on the task as the average overall proportion correct for all monkeys was (M = .79, SD = .014). 

Additionally, monkeys performed well on both non-match (M = .86, SD =.03 ) and match trials 

(M = .72, SD = .02), indicating that both sample stimuli were being encoded into working 

memory during study. The critical comparison was between congruent and incongruent probe 

trials. Monkeys were significantly more accurate on congruent trials, when the cue correctly 

predicted the test item, than on incongruent probe trials, when the un-cued item was tested, t(5) = 

3.39, p = 0.02, (see Fig 2a). 
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 Repeated measures ANOVA was 

performed on mean median correct reaction times 

per session with errors excluded. Results indicated 

a main effect of trial type, F(2,5) = 8.23, p = .008 

as monkeys were fastest on match trials (M = 

942ms , SD =145ms ,) and slowest on non-match 

trials (M = 1314ms, SD =151ms ). This suggests 

that monkeys performed an exhaustive memory 

retrieval strategy when judging the test image such that monkeys compared each item held in 

working memory with the test image, before choosing the not-there response. The slower 

reaction time for non-match trials was not due to task difficulty, as accuracy performance was 

highest for non-match trials. Pair-wise comparisons indicated that monkeys were significantly 

faster to respond on congruent match trials compared to incongruent match trials or non-match 

trials, t(10) = -3.12 , p = .026, suggesting that monkeys began their memory search with the cued 

item.  

 This behavioral pattern of higher memory 

performance and faster responses to cued items 

suggests that after encoding, monkeys used the cue 

to prioritize the maintenance of cued items 

compared to un-cued items. The results obtained 

here are similar to those obtained by Griffin & 

Nobre (2003), suggesting that monkeys, similar to 

humans, can shift memory resources to prioritize 
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the maintenance of relevant information.  

 

3. Experiment 2  

 Experiment 1 established that monkeys use a predictive retro-cue to prioritize the 

maintenance of the cued sample when working memory load was two items. If the prioritization 

of memory resources is an adaptation for maximizing the effectiveness of limited memory 

resources, then we should observe even more powerful effects of the retro-cue when memory 

load is increased and resources are under greater demand. In Experiment 2a, monkeys performed 

the same experimental procedure as Experiment 1 with the exception that they were presented 

with three items in the stimulus array rather than two (see Fig. 2a). We hypothesized that if the 

retro-cue focuses processing on the cued item, then the difference between congruent and 

incongruent trials would be larger when cognitive load was increased.  

3.1 Experiment 2a 

 3.1.1 Methods 

  3.1.1.1 Subjects and apparatus 

 All six subjects used in Experiment 1 were also used in Experiment 2. Additionally, all 

testing apparatuses were identical to those described in Experiment 1. 

  3.1.1.2 Stimuli 

 All stimuli used in Experiment 1 were used in Experiment 2.  

 3.1.2 Procedure 
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  3.1.2.1 Training 

 Monkeys were trained with the same paradigm as Experiment 1 with the exception that 

three stimuli were presented during study phase instead of two (Fig. 3a). To meet criterion and 

move on to probe trials, monkeys had to run at least six sessions and obtain 70 percent accuracy 

on two consecutive sessions. The criterion for this phase was 10 percent less than Experiment 

1because the task was more difficult overall.  

  3.1.2.2 Probe Trials 

 The proportion of probe trials was the same as Experiment 1. Monkeys ran eight sessions 

of 120 trials, resulting in 40 total probe trials.  

 

 

 3.1.3 Results and Discussion 

 Results indicated that overall accuracy decreased when an additional item was added to 

working memory, (M = .74, SD = .04), indicating that as expected, higher cognitive load made 
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the task more difficult. Monkeys’ performance on non-match trials (M = .81, SD = .05) and 

match trials (M = .67, SD = .06 ) indicated that all three items were encoded into working 

memory. Critically however, there was no significant difference between congruent and 

incongruent match trials, t(5) = -2.52, p > 0.05, as monkeys performed better on incongruent 

match trials (see Fig. 2b). These results suggest that when working memory load was increased 

to three items, monkeys were able to perform above chance on the task, but did not use the retro-

cue to prioritize the maintenance of the cued item. 

 Repeated measures ANOVA was performed on mean median correct reaction times per 

session with errors excluded. Results indicated a main effect of trial type, F(2,5) = 4.92, p = .03 

as monkeys were fastest on match trials (M = 960ms , SD =198ms ,) and slowest on non-match 

trials (M = 1221ms, SD =163ms ) (see Fig. 2c). This suggests that monkeys performed an 

exhaustive memory search retrieval strategy similar to in Experiment 1, however, pair-wise 

comparisons indicated that monkeys were not significantly faster to respond on congruent match 

trials compared to incongruent match trials, t(10) = -.94 , p >.05, suggesting that they did not 

begin their memory search with the cued item.  

 The aim of experiment 2a was to investigate the effectiveness of the retro-cue when 

memory load was increased to three items. Our hypothesis was that if the retro-cue focuses 

processing on the cued item, then the difference between congruent and incongruent trials will be 

larger when cognitive load is increased. Interestingly however, monkeys showed no behavioral 

advantage from the retro-cue in accuracy or reaction time. It is possible however, that the 

absence of the effect found here is due to practice effects.  Although we predicted that it would 

be more beneficial to use the cue with a higher cognitive load, the monkeys may have learned to 

adopt the strategy of ignoring the cue and attempting to remember all items. Thus, to confirm 
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that the absence of the effect was particular to a working memory load of three items, and not 

due to monkeys adopting a new strategy, we tested monkeys with a working memory load of two 

items again in Experiment 2b, and then with three items in Experiment 2c ultimately arranging 

an A-B-A design.   

3.2 Experiment 2b  

 3.2.1 Methods 

  3.2.1.1 Subjects and apparatus 

 All six subjects used in Experiment 1 were also used in Experiment 2. In addition, all 

testing apparatuses were identical to those described in Experiment 1. 

  3.2.1.2 Stimuli 

 All stimuli used in Experiment 1 were used in Experiment 2.  

 3.2.2 Procedure 

  3.2.2.1 Training 

 Monkeys were trained with the same paradigm as Experiment 1. To meet criterion, 

monkeys had to run at least six sessions and obtain 80 percent accuracy on two consecutive 

sessions. 

  3.2.2.2 Probe Trials 

 The proportion of probe trials was the same as Experiment 1. Monkeys ran eight sessions 

of 120 trials, resulting in 40 total probe trials.  
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 3.2.3 Results and Discussion 

 The aim of Experiment 2 was to investigate if monkeys had learned an alternative 

strategy through extensive practice with this paradigm, or if the absence of the effect found in 

Experiment 2a was particular to a working memory load of three items. Monkeys performed well 

on the task as the average overall proportion correct for all monkeys was (M = .83, SD = .04). 

Additionally, monkeys performed well on both non-match (M = .86, SD = .04) and match trials 

(M = .80, SD = .06 ), indicating that both sample stimuli were being encoded into working 

memory during study. The critical comparison was between congruent and incongruent probe 

trials. Monkeys were significantly more accurate on congruent match trials, when the cue 

correctly predicted the test item, than they were on incongruent probe trials, t(5) = 5.02, p = 

0.004 (see Figure 2b). 

 Repeated measures ANOVA was performed on mean median correct reaction times per 

session with errors excluded. Results indicated main effect of trial type, F(2,5) = 22.3, p = .000, 

as monkeys were fastest on match trials (M = 914ms , SD =172ms), and slowest on non-match 

trials (M = 1132ms, SD =135ms ) (see Fig. 2c). This suggests that monkeys performed an 

exhaustive memory retrieval strategy when judging the test image, such that monkeys compared 

each item held in working memory with the test image before choosing the not-there response. 

The slower reaction time for non-match trials was not due to task difficulty, as accuracy 

performance was highest for non-match trials. Pair-wise comparisons indicated that monkeys 

were significantly faster to respond on congruent match trials compared to incongruent match 

trials or non-match trials, t(10) = -4.25, p = .008, suggesting that monkeys began their memory 

search with the cued item.  
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 The results of experiment 2b show a successful replication of the primary findings in 

Experiment 1. Again, the retro-cue affected monkeys' performance as they showed prioritization 

of maintenance for the cued item, as well as an exhaustive memory search retrieval process 

beginning with the cued item. We then tested monkeys with a memory load of three items, to 

assess if the absence of cue effect found in Experiment 2a was particular to a memory load of 

three items, or if monkeys would now demonstrate a cue effect after extensive practice.  

3.3 Experiment 2c 

 3.3.1 Methods 

  3.3.1.1 Subjects and apparatus 

 All six subjects used in Experiment 1 were also used in Experiment 2. In addition, all 

testing apparatuses were identical to those described in Experiment 1. 

  3.3.1.2 Stimuli 

 All stimuli used in Experiment 1 were used in Experiment 2.  

 3.3.2 Procedure 

  3.3.2.1 Training 

 Monkeys were trained with the same paradigm and to the same criterion as Experiment 

2a (see Fig. 3a). 
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  3.3.2.2 Probe 

Trials 

 The proportion of probe 

trials was the same as 

Experiment 1. Monkeys ran 

eight sessions of 120 trials, 

resulting in 40 total probe trials.  

 3.3.3 Result and Discussion 

 Results indicated that, again, overall accuracy decreased when an additional item was 

added to working memory. The average overall proportion correct for all monkeys was (M = .76, 

SD = .06). Monkeys performance on non-match trials (M = .80, SD = .06) and match trials (M 

=72 , SD =.09 ) indicated that all three items were encoded into working memory. Critically 

however, there was no significant difference between congruent and incongruent match trials, 

t(5) = -.724, p > 0.05, as monkeys performed better on incongruent match trials (see Fig. 2b). 

These results suggest that when visual working memory load is increased to three items, 

monkeys did not use the retro-cue 

to prioritize maintenance of the 

cued item.   

 Repeated measures 

ANOVA was performed on mean 

median correct reaction times per 

session with errors excluded. 



26 
 

Results indicated no main effect of trial type, F(2,5) = 2.7, p > .05. Although monkeys were 

fastest on match trials, (M = 960ms , SD =198ms ,) and slowest on non-match trials (M = 

1221ms, SD =163ms), the lack of a main effect is further evidence that the retro-cue did not 

affect memory.  

 The original purpose of Experiment 2 was to investigate the effect of the retro-cue when 

memory load was increased. We hypothesized that the need to prioritize the cued item would be 

greater as memory load increases, indicated by a larger difference between congruent and 

incongruent trials. However, results from Experiment 2a and 2c indicated that the retro-cue did 

not have an effect on memory performance when working memory load is increased. 

Performance on congruent and incongruent trials was similar indicating that the relevant items 

were not prioritized. Additionally, there was no difference in reaction time for responding to 

cued vs. non-cued items, further suggesting that the retro-cue did not have an effect.   

 Why did monkeys not show the control of memory resources when memory load was 

increased? The lack of effect cannot be explained by practice, as monkeys demonstrate the effect 

again when tested with a memory load of two items, and then fail to do so when tested with three 

items for a second time. We suggest that the absence of memory control found with a memory 

load of three items may be because the representations were too weak in working memory.  

 

4. Experiment 3  

 In Experiment 3, we tested if the memory strength of representations in working memory 

determines whether or not the retro-cue is effective. In Experiment 3a we presented monkeys 

with three items to encode and shortened the pre-cue delay (see Fig. 3a), so that the retro-cue 
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would appear earlier when representations are stronger. We hypothesized that by presenting the 

retro-cue earlier with a memory load of three items, the retro-cue would have an effect on 

memory performance. Conversely, in Experiment 3b, monkeys encoded two items and the retro-

cue was presented later. We hypothesized that lengthening the pre-cue delay would attenuate the 

effect of the retro-cue with a memory load of two items.  

4.1 Experiment 3a 

 4.1.1 Methods 

  4.1.1.1 Subjects and apparatus 

 All six subjects used in Experiment 1 were also used in Experiment 2. In addition, all 

testing apparatuses were identical to those described in Experiment 1. 

  4.1.1.2 Stimuli 

 All stimuli used in Experiment 1 were used in Experiment 2.  

 4.1.2 Procedure 

  4.1.2.1 Training 

 Monkeys were trained with the same paradigm as Experiment 2a, with the retro-cue 

being shortened by 400 ms. In Experiment 2a, the retro-cue appeared 700 ms after stimulus 

offset, while in Experiment 3a, the retro-cue appeared 300 ms after stimulus offset (see Fig. 3a.). 

Monkeys were trained with a 100 percent predictive cue until reaching a criterion of 70 percent 

overall accuracy or higher in two consecutive sessions. All monkeys reached criterion within 15 

sessions.  
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  4.1.2.2 Probe Trials 

 The proportion of probe trials was the same as Experiment 1. Monkeys ran eight sessions 

of 120 trials, resulting in 40 total probe trials. 

 

 

 4.1.3 Results and Discussion 

 The average overall proportion correct for all monkeys was (M = .78, SD = .05). 

Monkeys' performance on non-match trials (M = .83, SD = .055) and match trials (M =.72 , SD 

=.08 ) indicated that all three items were encoded into working memory. Critically however, 

there was no significant difference between congruent and incongruent match trials, t(5) = .914, 

p > 0.05,  (see Fig. 3a.), indicating that the retro-cue did not affect memory performance. These 
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results suggest that with a memory load of three items, presenting the retro-cue 400 ms earlier 

did not affect how monkeys used the cue compared to Experiment 2a or 2c. 

 A repeated measures ANOVA was performed on mean median correct reaction times per 

session with errors excluded. Results indicated a main effect of trial type, F(2,5) = 22.6, p = .000, 

as monkeys were fastest on match trials (M = 968ms , SD =190ms), and slowest on non-match 

trials (M = 1172ms, SD =193ms ). This suggests that monkeys performed an exhaustive memory 

retrieval strategy when judging the test image, such that monkeys compared each item held in 

working memory with the test image before choosing the not-there response. The slower reaction 

time for non-match trials was not due to task difficulty, as accuracy performance was highest for 

non-match trials. Pair-wise comparisons indicated that monkeys were significantly faster to 

respond on congruent match trials compared to incongruent match trials or non-match trials, 

t(10) = -2.61, p = .048, suggesting that monkeys began their memory search with the cued item.  

 These results suggest that, while providing the retro-cue did not have an effect on 

accuracy, it did have an effect on reaction time similar to the pattern found in Experiment 1. This 

is indicative of a cue-based retrieval strategy and was not observed in Experiment 2a or 2c, 

suggesting that providing the cue earlier may have allowed monkeys to associate the cue with 

stronger memory representations. In Experiment 3b, we further tested the hypothesis that using 

the retro-cue requires representations of a certain memory strength, by presenting two items with 

a delayed retro-cue, when representations may be weakened.  

4.2 Experiment 3b 

 4.2.1 Methods 

  4.2.1.1 Subjects and apparatus 
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 After Experiment 3a, two monkeys left the lab and were transferred to a different lab. to 

maintain the sample size of six, four of the monkeys used in the previous experiments were still 

tested and an two new monkeys were added to the sample. The new monkeys were trained 

through all training phases described in Experiment 1, including probe trials. After completing 

all phases, the monkey began Experiment 3b training with the other four monkeys. All testing 

apparatuses were identical to those described in Experiment 1.  

  4.2.1.2 Stimuli 

 All stimuli used in Experiment 1 were used in Experiment 3.  

 4.2.2 Procedure 

  4.2.2.1 Training 

 Monkeys were trained with the same paradigm as Experiment 1, with the exception that 

the retro-cue appeared 400 ms later. In Experiment 1, the retro-cue appeared 700 ms after 

stimulus offset, while in Experiment 3b, the retro-cue appeared 1100 ms after stimulus offset 

(see Fig. 3b). Monkeys were trained with a 100 percent predictive cue until reaching a criterion 

of 80 percent overall accuracy or higher in two consecutive sessions. All monkeys reached 

criterion within 15 sessions.  

  4.2.2.2 Probe Trials: 

 The proportion of probe trials was the same as Experiment 1. Monkeys ran eight sessions 

of 120 trials, resulting in 40 total probe trials.  
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 4.2.3 Results and Discussion 

 The average overall proportion correct for all monkeys was (M = .80, SD = .05). 

Monkeys' performance on non-match trials (M = .86, SD = .02) and match trials (M =.73 , SD 

=.11 ) indicated that all three items were encoded into working memory. Critically however, 

there was no significant difference between congruent and incongruent match trials, t(5) = 1.27, 

p > 0.05,  (see Fig. 3c), indicating that the retro-cue did not affect memory performance. These 

results suggest that, with a memory load of two items, presentation of the retro-cue 400 ms later 

did not change the retro-cue's effect on memory representations. 
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Repeated measures ANOVA 

was performed on mean median 

correct reaction times per 

session with errors excluded. 

Results indicated a main effect 

of trial type, F(2,10) = 52.8, p = 

.000 , as monkeys were fastest 

on match trials (M = 934ms , 

SD =78ms), and slowest on non-

match trials (M = 1174ms, SD =102ms ) (see Fig. 3d). This suggests that monkeys performed an 

exhaustive memory retrieval strategy when judging the test image. Just as in Experiment 1, the 

slower reaction time for non-match trials was not due to task difficulty as accuracy was highest 

for non-match trials. Pair-wise comparisons indicated that monkeys were significantly faster to 

respond on congruent match trials compared to incongruent match trials or non-match trials, 

t(10) = -4.37 , p = .007, suggesting 

that monkeys began their memory 

search with the cued item.  

 In Experiment 3, we tested 

the notion that working memory 

representations must be of a 

certain strength in order for the 

retro-cue to have an effect. In 

Experiment 3a, we hypothesized 
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that if representations were too weak with a working memory load of three items, then providing 

the cue earlier, when representations are stronger, may cause an effect of the retro-cue. In 

Experiment 2, there was neither an effect on accuracy nor reaction time. In comparison, 

Experiment 3a showed that when the retro-cue was presented earlier, a reaction time effect was 

evident as monkeys responded more quickly to the presence of cued items compared to un-cued 

items. Compared with absence of a retro-cue effect in Experiment 2, the presence of an effect in 

Experiment 3a where the only condition changed was presenting the retro-cue earlier, supports 

our hypothesis that memory representations must be a certain strength for the cue to have an 

effect. Conversely, in Experiment 3b, we predicted that with a memory load of two items, where 

we previously do show a retro-cue effect, providing the cue later when representations are 

weaker should attenuate the effect of the retro-cue. We found that the retro-cue's effect on 

accuracy but not reaction time was attenuated. Taken together, the results of Experiment 3 

suggest that the ability for a retro-cue to affect the maintenance and/or retrieval of working 

memory representations relies on an interaction between memory load and memory strength.  

5. General Discussion 

 We observed significantly higher accuracy and faster reaction times for cued items 

compared to un-cued items, with a memory load of two items. This effect was consistent across 

Experiment 1 and Experiment 2b. As the encoding conditions were the same for both cued and 

un-cued probe trials, the difference in memory performance indicates that the retro-cue caused a 

difference in working memory maintenance, or retrieval prioritization, following the cue. The 

results found in Experiment 1 and 2b, are in parallel with the behavioral pattern that has been 

found in human memory research using the retro-cue paradigm (Griffin & Nobre, 2003; 

Makovski & Jiang, 2007; Astle, Summerfield, Griffin, & Nobre, 2012). This suggests that 
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monkeys, like humans, shift working memory resources to prioritize the maintenance of relevant 

information.  

 In Experiment 2, we hypothesized that if prioritization of memory maintenance is an 

adaptation for maximizing the effectiveness of limited memory resources, we should observe 

even more powerful effects of the retro-cue when memory load is increased. However, we did 

not observe an effect of the retro-cue on working memory maintenance or retrieval prioritization 

when memory load was increased to three items. The absence of the effect was not due to failure 

to encode all three images, as performance remained above chance. Nor was the absence of 

memory control due to practice effects, as monkeys showed memory control when memory load 

was decreased back to two items (Exp 2b), and then failed to show memory control when tested 

again with a memory load of three items (Exp 2c). We suggest that the limitation on memory 

control may be due to an interaction with the capacity limits of visual working memory. 

 One model in humans suggests that visual working memory (VWM) consists of three or 

four independent memory “slots” that each store information about a single visual item (Cowan, 

2010; Luck & Vogel, 1997; Pashler, 1988; Schmidt, Vogel, Woodman, & Luck, 2002). In the 

slot model, as you increase the number of items to hold in VWM, the resolution, or strength, of 

each item should not be affected by memory load until the capacity limit is exceeded. Because 

performance was above chance in Experiment 2, suggesting that all three items were available 

for retrieval at test, we maintain that a memory load of three items is within the capacity limits of 

visual working memory in monkeys. Thus, according to the slot model, representations in VWM 

whether holding three items, or two items, should be equivalent in resolution or strength. 

Therefore, the slot model cannot explain why monkeys were not able to associate the cue with 

the representations in working memory when memory load was three.  
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 The view that working memory consists of a fixed number of independent slots has 

recently been challenged by studies suggesting that the resolution with which items are 

maintained depends critically on how many other items are concurrently held in memory 

(Alvarez & Cavanagh, 2004; Awh, Barton, & Vogel, 2007). This resource model of VWM 

proposes that a single memory resource is shared between items concurrently held in working 

memory. According to this model, the precision with which an item is stored is determined by 

the fraction of total resources allocated to it (Bays, Catalao, & Husain, 2009). In contrast to the 

slot model, this view predicts that even when operating within VWM capacity, as more items are 

added to maintain, the resolution of each item decreases as less resources are available to 

maintain details of each item. 

 The resource model, then, may explain why there was no effect of the retro-cue on 

monkeys performance when memory load was increased to three items. In the retro-cue 

paradigm, correctly identifying the relevant item from VWM via the spatial post-sample cue 

critically requires that the spatial information in VWM regarding each sample's previous location 

in the array is maintained. According to the resource model, if the precision with which an item 

is stored decreases as the number of items held in VWM increases, then representations with a 

memory load of two items will be stronger than representations with a memory load of three 

items. Therefore, a viable explanation of why there was no effect of the retro-cue when three 

items were held in working memory VWM may be that the precision with which each item was 

stored was such that the spatial information was not maintained or could not be retrieved. In 

comparison, when two items were held in VWM, the spatial information was maintained as more 

resources were allocated to each representation, thus allowing monkeys to associate the cue with 
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the item in VWM. Future studies will investigate how spatial versus visual information is lost 

during maintenance and/or retrieval when working memory load is increased.  

 Along these lines, another factor that might affect memory strength/resolution is time. In 

Experiment 3, we tested the hypothesis that if representations decay as a function of time, and if 

memory representations have to a certain strength for the cue to have an effect, then providing 

the retro-cue earlier for representations that are weak would make it more likely that the cue 

would affect memory performance. Conversely, if representations are strong, then providing the 

retro-cue later would make it less likely for the cue to have an effect on memory performance. In 

Experiment 3a, monkeys were presented with three items to encode, similar to Experiment 2, but 

the retro-cue appeared earlier. Although there was no effect of the cue on accuracy, results 

indicated that monkeys began their memory search with the cued item, a result not evident when 

previously tested with three items in Experiment 2. This suggests that providing the cue earlier 

allowed monkeys to associate the cue with the item in VWM, at least during retrieval. In 

Experiment 3b, monkeys were presented with two items to encode, similar to Experiment 1, but 

the retro-cue appeared later. In Experiment 1 the cue affected accuracy and reaction time, though 

when the cue was presented later in Experiment 3b, the retro-cue's affect on accuracy was 

attenuated. This suggests that providing the cue later lessened the affect of the cue on 

representations in VWM, perhaps as it was more difficult for the cue to be associated with 

representations in VWM. Taken together, the results of Experiment 3 suggest that the control 

over memory resources is confined to properties by which resources are allocated to each item. It 

may be that because monkeys operate with more limited VWM resources, limited control is 

available. Thus, differences in memory control between humans and monkeys may be due to 

differences in VWM resources available.   
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 In sum, because working memory resources are limited, it is critical to prioritize the 

maintenance of information relevant to the task at hand (Chun et al., 2011; Cowan, 2000; 

Unsworth & Engle, 2007). The results of the current study extend the findings of Tu & Hampton 

(2014) and provide evidence that monkeys, similar to humans, will shift working memory 

resources to prioritize the maintenance of relevant information. Taken together, these results 

suggest that the ability to maximize the effectiveness of memory resources was an adaptation as 

early as 20 million years ago, when old world monkeys and humans shared a common ancestor. 

The observed effect in the current study, however, was limited to a memory load of two items 

presented simultaneously. When more than two items were presented, monkeys could still 

maintain the items in working memory, but the retro-cue had no effect on the prioritization of 

memory resources. In humans, the retro-cue has an effect on memory performance for sample 

arrays from two to eight items (Astle et al.,2012; Griffin & Nobre, 2003; Matsukura et al., 2007). 

Future studies should be aimed at better understanding the relationship between cognitive load 

and the ability to control memory resources. 
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