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Abstract 

 

The search for food is directly related to individual fitness, with many cognitive 

competences thought to be the products of foraging pressures faced by our hominid 

ancestors. Efficient spatial working memory, which often shows a male advantage, is of 

particular importance to maximise benefits whilst minimising costs during search. An 

ability to benefit from spatial structure, which reduces memory load, interestingly 

shows an inverse relationship with taxonomic distance from humans. Eleven 

experiments highlighted a propensity to detect and benefit from structure during search, 

and considered the evolutionary and comparative importance of this high-level 

cognitive skill. In the first study to disentangle the cognitive and energetic motivations 

of human search, a preference was found for the reduction of cognitive load by 

exploiting spatial structure, over the reduction of travelling distance. Further findings 

suggested that data-reducing strategies exploiting spatial structure may be characteristic 

of primate cognition. The development of an ecologically valid task based on primate 

foraging situations, showed a strong tendency in humans to detect and use temporal 

structure. When adapted for the assessment of older adults and children, older adults 

were less efficient foragers and showed a deficit in their ability to detect temporal 

structure, whilst children appeared to show a developmental trend in foraging 

efficiency. This task afforded a direct comparison between humans and a non-human 

primate species, which suggested that baboons did not exploit temporal structure during 

search. The finding that humans show a tendency to promote cognitive over energetic 

economy, and a strong proficiency to benefit from structure in stimuli, has implications 

for the evolution of this competency, the role of the dorsolateral prefrontal cortex, and 

sex differences in spatial memory. These findings have implications for theories which 

suggest that diet and the requirements of foraging played an important role in the high-

level cognition humans possess today.  

 

 

 

 

 

 

 

 

 

 

 



3 
 

Acknowledgements 

 

First and foremost, I would like to acknowledge Dr Carlo De Lillo. Thank you for all 

your help from day one. I am extremely grateful for all of your comments, advice, help, 

and support with everything from preparing my initial thesis proposal, to listening to 

presentations, to reading endless drafts. Your guidance over the past four years has been 

invaluable! 

 

I would also like to acknowledge and thank Kevin McCracken and Jodil Davis for their 

technical and programming expertise, and Drs Jose Prados and Phil Duke for all the 

feedback and comments at my yearly reviews. I am also grateful to Dr Joel Fagot for 

introducing me to the baboons, and for implementing our task which I am grateful to 

have been able to include in this body of work.  

 

I would also like to extend my gratitude to all the participants who took the time to help 

with this research, to everyone I have met at the university and at conferences who have 

offered helpful comments and advice, and to my family who still aren’t sure what I do 

but have always supported me nonetheless. 

 

Finally, thank you Danny for keeping me comfortable during endless days and nights of 

collecting, analysing, and reporting data. And to our Teddy, for keeping me particularly 

uncomfortable in the best of ways. 

 

 

 

 

 

 

 

 

 

 

 



4 
 

Declaration 

 

The work presented and analysed was carried out by myself and has not previously been 

submitted for another degree. Experiment 10 was run in Aix, France by Dr Joel Fagot, 

yet the design, procedure, analyses, and interpretation was carried out by the author. 

Experiment 1 has also been published in two capacities as part of two papers: 

 

De Lillo, C., Kirby, M. & Poole, D. (2016). Spatio-temporal structure, path 

characteristics and perceptual grouping in immediate serial spatial recall. 

Frontiers in Psychology, doi: 10.3389/fpsyg.2016.01686. 

De Lillo, C., Kirby, M. & James, F. C. (2013). Spatial working memory in immersive 

virtual reality foraging: Path organization, traveling distance and search 

efficiency in humans (Homo sapiens). American Journal of Primatology, 9999, 

1-11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

Table of Contents 

 

Table of Figures ............................................................................................................. 9 

 

List of Abbreviations .................................................................................................... 13 

 

Chapter 1: General Introduction ................................................................................... 14 

1.1 An Evolutionary Perspective .............................................................................................. 14 

1.2 The Comparative Method ................................................................................................... 16 

1.3 Primate Diet and Foraging Ecology ................................................................................... 17 

1.4 Sex differences in Spatial Memory .................................................................................... 19 

1.5 Spatial Working Memory ................................................................................................... 21 

1.6 Experimental Aims and Methods ....................................................................................... 26 

1.7 The Search for Structure ..................................................................................................... 33 

 

Chapter 2: The Role of Distance Travelled in Search ................................................... 34 

2.1 Introduction ......................................................................................................................... 34 

2.1.1 Principled and Organised Search Strategies................................................................ 34 

2.1.2 Immediate Serial Spatial Recall .................................................................................. 35 

2.1.3 Path Length .................................................................................................................. 36 

2.2 Experiment 1 ....................................................................................................................... 37 

2.2.1 Methods ........................................................................................................................ 37 

2.2.2 Results .......................................................................................................................... 42 

2.3 Discussion ........................................................................................................................... 45 

2.3.1 Importance of Cognitive Economy ............................................................................. 46 

2.3.2 Comparative Differences ............................................................................................. 47 

2.3.3 A Male Advantage ....................................................................................................... 48 

2.3.4 Conclusions .................................................................................................................. 48 

 

Chapter 3: Chunking within Spatial Working Memory ................................................ 50 

3. 1 Introduction ........................................................................................................................ 50 

3.1.1 Chunking to Reduce Cognitive Load .......................................................................... 50 

3.1.2 Reducing Cognitive Load or Optimal Foraging? ........................................................ 51 

3.1.3 Spatial Search Strategies ............................................................................................. 52 

3.2 Experiment 2 ....................................................................................................................... 53 

3.2.1 Methods ........................................................................................................................ 53 

3.2.2 Results .......................................................................................................................... 57 



6 
 

3.2.3 Discussion .................................................................................................................... 61 

3.3 Experiment 3 ....................................................................................................................... 62 

3.3.1 Methods ........................................................................................................................ 62 

3.3.2 Results .......................................................................................................................... 63 

3.3.3 Discussion .................................................................................................................... 67 

3.4 Experiment 4 ....................................................................................................................... 68 

3.4.1 Methods ........................................................................................................................ 68 

3.4.2 Results .......................................................................................................................... 71 

3.4.3 Discussion .................................................................................................................... 72 

3.5 General Discussion ............................................................................................................. 73 

3.5.1 Differences in Foraging Strategies .............................................................................. 73 

3.5.2 Spatial Structure in Search .......................................................................................... 74 

3.5.3 Object Location Memory ............................................................................................. 74 

3.5.4 Conclusions .................................................................................................................. 75 

 

Chapter 4: Detection of Temporal Structure in Search ................................................. 76 

4.1 Introduction ......................................................................................................................... 76 

4.1.1 Evolutionary Pressures ................................................................................................ 76 

4.1.2 Temporal Structure in Foraging .................................................................................. 77 

4.1.3 Mental Representations or Associative Learning? ...................................................... 77 

4.2 Experiment 5 ....................................................................................................................... 79 

4.2.1 Methods ........................................................................................................................ 79 

4.2.2 Results .......................................................................................................................... 81 

4.2.3 Discussion .................................................................................................................... 85 

4.3 Experiment 6 ....................................................................................................................... 85 

4.3.1 Methods ........................................................................................................................ 85 

4.3.2 Results .......................................................................................................................... 87 

4.3.3 Discussion .................................................................................................................... 92 

4.4 Experiment 7 ....................................................................................................................... 93 

4.4.1 Methods ........................................................................................................................ 93 

4.4.2 Results .......................................................................................................................... 94 

4.4.3 Discussion .................................................................................................................. 101 

4.5 General Discussion ........................................................................................................... 102 

4.5.1 Detection of Structure as an Adaptation.................................................................... 103 

4.5.2 Acquisition of Spatial Information or Overshadowing? ........................................... 103 

4.5.3 Sex Differences in Foraging ...................................................................................... 104 

4.5.4 Conclusions ................................................................................................................ 105 



7 
 

Chapter 5: Effects of Ageing in the Detection of Temporal Structure ........................ 106 

5.1 Introduction ....................................................................................................................... 106 

5.1.1 A Cognitive Decline .................................................................................................. 106 

5.1.2 Importance of Ecologically Valid Tasks ................................................................... 107 

5.1.3 Age-Related Changes in Search ................................................................................ 108 

5.2 Experiment 8 ..................................................................................................................... 108 

5.2.1 Methods ...................................................................................................................... 109 

5.2.2 Results ........................................................................................................................ 112 

5.3 Discussion ......................................................................................................................... 118 

5.3.1 Detection of Structure ................................................................................................ 118 

5.3.2 Foraging Efficiency ................................................................................................... 119 

5.3.3 Use of Ecological Tasks ............................................................................................ 120 

5.3.4 Conclusions ................................................................................................................ 120 

 

Chapter 6: Developmental Changes in Foraging Efficiency ....................................... 122 

6.1 Introduction ....................................................................................................................... 122 

6.1.1 Evolutionary Developmental Psychology ................................................................. 122 

6.1.2 Cognitive Development ............................................................................................. 122 

6.1.3 Development of Search Strategies ............................................................................ 123 

6.2 Experiment 9 ..................................................................................................................... 124 

6.2.1 Methods ...................................................................................................................... 124 

6.2.2 Results ........................................................................................................................ 125 

6.3 Discussion ......................................................................................................................... 135 

6.3.1 A Developmental Trend in Structure Detection? ...................................................... 135 

6.3.2 Development of Foraging Efficiency ........................................................................ 136 

6.3.3 Sex Differences in Children’s Search ....................................................................... 137 

6.3.4 Conclusions ................................................................................................................ 137 

 

Chapter 7: Foraging efficiency and Detection of Structure in Baboons, Papio papio . 139 

7 .1 Introduction ...................................................................................................................... 139 

7.1.1 Baboon Lineage and Ecology .................................................................................... 139 

7.1.2 Baboon Cognition ...................................................................................................... 140 

7.1.3 Foraging Efficiency of Baboons and Humans .......................................................... 140 

7.2 Experiment 10 ................................................................................................................... 141 

7.2.1 Methods ...................................................................................................................... 141 

7.2.2 Results ........................................................................................................................ 144 

7.2.3 Discussion .................................................................................................................. 154 



8 
 

7.3 Experiment 11 ................................................................................................................... 155 

7.3.1 Methods ...................................................................................................................... 155 

7.3.2 Results ........................................................................................................................ 156 

7.3.3 Discussion .................................................................................................................. 167 

7.4 General Discussion ........................................................................................................... 167 

7.4.1 Baboon Cognition ...................................................................................................... 168 

7.4.2 Detection of Temporal Structure ............................................................................... 168 

7.4.3 Conclusions ................................................................................................................ 169 

 

Chapter 8: General Discussion ................................................................................... 170 

8.1 Detecting Structure ........................................................................................................... 170 

8.2 Experimental Chapters ...................................................................................................... 170 

8.3 Sex Differences ................................................................................................................. 180 

8.4 Value of VR and Touchscreen Methodologies ................................................................ 182 

8.5 Final Conclusions ............................................................................................................. 185 

 

Appendix .................................................................................................................... 188 

Appendix A: Ethical Approval for the VR Experiments ....................................................... 188 

Appendix B: Consent Form for Experiment 1, Chapter 2 ..................................................... 190 

Appendix C: Consent Form for Experiments 2, 3 and 4, Chapter 3 ...................................... 191 

Appendix D: Consent Form for Experiments 5, 6, and 7, Chapter 4 ..................................... 192 

Appendix E: Ethical Approval to Assess Ageing in Young and Older Adults ..................... 193 

Appendix F: Permission to use the MoCA Questionnaire ..................................................... 195 

Appendix G: Consent Form for Older Adults in Experiment 8, Chapter 5 ........................... 196 

Appendix H: Consent Form for Young Adults in Experiment 8, Chapter 5 ......................... 198 

Appendix I: Ethical Approval to Assess Developmental Cognition in Children .................. 199 

Appendix J: Consent Form Sent to Children’s Parents in Experiment 9, Chapter 6 ............. 202 

Appendix K: Consent Form for Experiment 11, Chapter 7 ................................................... 205 

 

References .................................................................................................................. 206 

 

 

 

 

 



9 
 

  Table of Figures 

 

Chapter 2 

Figure 2. 1 Plan view, configurations and path length sizes for Exp 1 .......................... 39 

Figure 2. 2 The eight conditions presented illustrating the clustered and matrix arrays. 41 

Figure 2. 3 The mean number of correct responses made within each condition .......... 42 

Figure 2. 4 The mean number of correct responses made by each sex within each 

condition. .......................................................................................................... 43 

Figure 2. 5 The mean reaction time (seconds) taken to select consecutive items within 

each condition................................................................................................... 44 

Figure 2. 6 The mean reaction time (seconds) taken by males and females in each 

condition ........................................................................................................... 45 

 

Chapter 3 

Figure 3. 1 VR environment for Exp 2, 3, and 4 ........................................................... 54 

Figure 3. 2 Configuration of food types and locations within the array. ....................... 55 

Figure 3. 3 Plan viw representations of the food locations in the foraging space .......... 56 

Figure 3. 4 Exp 2, the mean number of selections to completion of a trial..…………...57 

Figure 3. 5 Exp 2, the mean number of alternations made between food types............. 58 

Figure 3. 6 The locations of the rewarded poles in the matrix. ..................................... 61 

Figure 3. 7 Exp 3, the mean number of selections to completion of a trial. .................. 63 

Figure 3. 8 Exp 3, the mean number of alternations made between food types............. 65 

Figure 3. 9 The mean number of selections made to completion of a trial comparing 

Experiments 2 and 3 ......................................................................................... 67 

Figure 3. 10 Radial maze in the VR environment ......................................................... 70 

Figure 3. 11 Exp 4, the mean number of selections and alternations ............................ 71 

 

Chapter 4 

Figure 4. 1 The virtual room with landmarks and the pole array for Exp 5, 6, and 7. ... 80 

Figure 4. 2 Exp 5, the foraging efficiency measures. .................................................... 82 

Figure 4. 3 Exp 5, the proportion of correct first choices made. ................................... 84 

Figure 4. 4 Exp 6, the foraging efficiency measures. .................................................... 88 

Figure 4. 5 Exp 6, the proportion of correct first choices made in the single    

alternation. ........................................................................................................ 90 



10 
 

Figure 4. 6 Exp 6, the proportion of correct first choices made in the double   

alternation. ........................................................................................................ 91 

Figure 4. 7 Exp 7, the foraging efficiency measures ..................................................... 95 

Figure 4. 8 Exp 7, the proportion of correct locations and never rewarded locations 

selected within the first 12 choices ................................................................... 99 

 

Chapter 5 

Figure 5. 1 The array of locations presented on the touchscreen for Exp 8 (and 9)..... 110 

Figure 5. 2 The mean number of selections made to completion of a trial for each age 

group .............................................................................................................. 112 

Figure 5. 3 The mean number of never rewarded locations selected by each age      

group .............................................................................................................. 113 

Figure 5. 4 The mean number of revisits made by each age group ............................. 114 

Figure 5. 5 The proportion of correct first choices made in the single alternation by  

each age group ................................................................................................ 116 

Figure 5. 6 The proportion of correct first choices made in the double alternation by 

each age group ................................................................................................ 117 

 

Chapter 6 

Figure 6. 1 The number of trials completed by children of each age for Exp 9. .......... 126 

Figure 6. 2 The mean number of selections to the completion of a trial across 8 trials for 

each age group ................................................................................................ 127 

Figure 6. 3 The mean number of selections to the completion of a trial across 20 trials 

for each age group .......................................................................................... 128 

Figure 6. 4 The mean number of never rewarded locations selected across 8 trials for 

each age group. ............................................................................................... 129 

Figure 6. 5 The mean number of never rewarded locations selected across 20 trials for 

each age group ................................................................................................ 130 

Figure 6. 6 The mean number of revisits made across 8 trials for each age group. ..... 131 

Figure 6. 7 The mean number of revisits made across 8 trials for each sex and each age 

group. ............................................................................................................. 133 

Figure 6. 8 The mean number of revisits made across 20 trials by each age group…..132 

 

 



11 
 

Chapter 7 

Figure 7. 1 The incremental training procedure for Exp 10 ........................................ 143 

Figure 7. 2 Exp 10, the mean number of selections to the completion of a trial in the 

training trials .................................................................................................. 144 

Figure 7. 3 Exp 10, the mean number of selections to the completion of a trial made by 

each subject in the 25-location array ............................................................... 145 

Figure 7. 4 Exp 10, the mean number of never rewarded locations selected in the 

training trials .................................................................................................. 146 

Figure 7. 5 Exp 10, the mean number of never rewarded locations selected by each 

subject in the 25-location array. ...................................................................... 147 

Figure 7. 6 Exp 10, the mean number of revisits made in the training trials ............... 148 

Figure 7. 7 Exp 10, the mean number of revisits made by each subject in the 25-location 

array ............................................................................................................... 149 

Figure 7. 8 Exp 10, the proportion of correct first choices made in the single alternation 

in the training trials ......................................................................................... 150 

Figure 7. 9 Exp 10, the proportion of correct first choices made in the single alternation 

by each subject in the 25-location array.. ........................................................ 151 

Figure 7. 10 Exp 10, the proportion of correct first choices made in the double 

alternation in the training trials ....................................................................... 152 

Figure 7. 11 Exp 10, the proportion of correct first choices made in the double 

alternation by each subject in the 25-location array ........................................ 153 

Figure 7. 12 Exp 11, the mean number of selections to completion of a trial for    

humans ........................................................................................................... 156 

Figure 7. 13 Exp 11, the mean number of selections made by humans and baboons. . 157 

Figure 7. 14 Exp 11, the mean number of never rewarded locations selected by    

humans ........................................................................................................... 159 

Figure 7. 15 Exp 11, the mean number of never rewarded locations selected by humans 

and baboons .................................................................................................... 160 

Figure 7. 16 Exp 11, the mean number of revisits made by humans ........................... 161 

Figure 7. 17 Exp 11, the mean number of revisits made by humans and baboons ...... 162 

Figure 7. 18 Exp 11, the proportion of correct first choices made in the single 

alternation by humans ..................................................................................... 163 

Figure 7. 19 Exp 11, the proportion of correct first choices made in the single 

alternation by humans and baboons ................................................................ 164 



12 
 

Figure 7. 20 Exp 11, the proportion of correct first choices made in the double 

alternation by humans. .................................................................................... 165 

Figure 7. 21 Exp 11, the proportion of correct first choices made in the double 

alternation by humans and baboons ................................................................ 166 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

List of Abbreviations 

 

BW   Blue/White Double Alternation 

CC   Chunk Compromised Condition 

CM   Chunk Maintained Condition 

DA   Double Alternation 

DLPFC  Dorsolateral Prefrontal Cortex 

EEA   Environments of Evolutionary Adaptedness 

HMD   Head Mounted Display 

ISSR   Immediate Serial Spatial Recall 

LTM   Long Term Memory 

ML   Mixed Locations Condition 

PG   Purple/Green Double Alternation  

SA   Single Alternation 

VR   Virtual Reality 

WM   Working Memory 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

Chapter 1: General Introduction 

 

1.1 An Evolutionary Perspective 

The necessity of finding food, mates, and resources is an important evolutionary 

challenge that all organisms face on a daily basis. As such, an understanding of spatial 

relations enables individuals to locate these resources, and to avoid visits to unprofitable 

or unfavourable locations. The search for food in particular is directly associated with 

individual fitness, and the majority of, if not all, animals spend a large proportion of 

their time involved in the search and procurement of food, more so than in any other 

activity (Rozin, 1996). A meta-analysis of primate behaviour indicated that the majority 

of innovative behaviours recorded were observed within a foraging context (Reader & 

Laland, 2001), highlighting the importance of foraging situations in the assessment of 

cognitive ability, and supporting ecological explanations of primate intelligence (Reader 

& Laland, 2002). Today, modern humans have largely avoided the need to hunt, 

capture, and forage for food, and can simply fulfil their daily nutritional requirements 

with a trip to the supermarket. However, a long period of evolutionary history saw 

ancestral humans and other hominids alike faced with the task of finding enough food 

daily. Among hunter-gatherer tribes today, which allow a glimpse of ancestral societies, 

a failure to provide food can lead to a loss of status (Hill & Hurtado, 1996) and may 

also be reason for wives to divorce their husbands (Betzig, 1989). The repercussions of 

an inability to find sufficient food can have a significant impact on all aspects of an 

individual’s life.   

Due to the importance and necessity of successful foraging behaviour, many 

adaptations that we see in humans are thought to have evolved from the selection 

pressures required for this during the EEA (environments of evolutionary adaptedness). 

Napier (1972) notes that primates evolved specialised adaptations for living arboreally, 

including long fingers and nails instead of claws to aid in the manipulation of objects 

and to assess the ripeness of foods. Primates evolved forward-facing eyes and lower 

snouts for clear stereoscopic vision, and colour vision to aid in the recognition of edible 

fruits and leaves, with an expansion of the occipital region of the brain occurring as a 

result of a reliance on visual cues (Napier, 1972; Price, 1996). After a shift to a 

terrestrial way of life, hominins evolved longer legs (Napier, 1976) and specialised foot 

bones (Harcourt-Smith & Aiello, 2004) to exploit bipedal behaviours, whilst the diets of 

early hominins expanded and became increasingly more varied to exploit a variety of 
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habitats (Teaford & Ungar, 2000). Sexual dimorphism is also seen in ancestral hominins 

and humans today, which is thought to be due to differences in foraging behaviour 

between the sexes, and the differing requirements for males and females. Males often 

possess a larger body size and greater strength than females (Frayer & Wolpoff, 1985), 

with fossil samples from the Paleolithic period indicating that early hominins also 

showed sexual dimorphism in the femur and tibia (Ruff, 1987). The physical 

adaptations of males can be plausibly explained by their role of hunter which favoured 

large size and strength to capture prey (Buss, 2009). In addition to the physical 

adaptations that evolved from the selection pressures associated with finding food, the 

use of sophisticated cognitive skills were also necessary for successful search.  

Whilst cognitive ability can be difficult to infer from ancestral species, fossil 

records show brain size increases along the hominin lineage (Price, 1996; Parker & 

McKinney, 1999), and does so in terms of relative brain size when compared to body 

mass (Kappelman, 1996). Cognitive abilities are viewed as adaptations rather than side-

effects of a larger brain, primarily due to the great expense an enlarged brain poses 

(Parker & McKinney, 1999), therefore the fitness benefits of such competences must 

outweigh the expensive cost of a larger brain. The frontal lobe in particular appears to 

play an important role in primate intelligence (Dunbar & Shultz, 2007), and ecological 

hypotheses of primate intelligence further suggest that an enlarged brain and 

sophisticated cognitive skills emerged as a result of foraging behaviour (Milton, 1981a; 

1993; see Fleagle, 2013). Sex differences in terms of spatial ability within a foraging 

context have also been observed in human (see Silverman & Eals, 1992; Silverman, 

Choi & Peters, 2007), and non-human species (Gaulin & Fitzgerald, 1986; 1989; 

Gresack & Frick, 2003). The extent to which foraging has shaped our cognitive ability 

as humans, and has shaped male and female cognition appears to be an important area 

of research. Such as a preference for sugar persists in humans and other great apes today 

due to an abundance of foliage and a scarcity of caloric fruits during the EEA (Breslin, 

2013), cognitive relics of such evolutionary pressures can also be seen.  

There are difficulties associated with testing cognition within an evolutionary 

context due to the indirect effect cognitive processes have on individual fitness 

(Shettleworth, 2010), however, it is undoubtedly important to test cognitive 

competences under conditions which approximate those where these skills may have 

evolved. Moreover, the assessment of specific cognitive skills to determine which are 

uniquely human, and to determine where differences and similarities lie across species, 
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must be investigated comparatively to consider where these skills evolved throughout 

evolutionary history, and more specifically, the primate lineage.  

 

1.2 The Comparative Method 

Darwin, in the Descent of Man (1871), declared that the difference between man 

and animals is better thought of in terms of degree, rather than absolutes. He was one of 

the first to consider the behaviour of animals in relation to the understanding of the 

human mind, and where and when human behaviours may have evolved (see Boakes, 

2008). It was this understanding of behaviour and intelligence that sparked the 

development of the comparative method within psychology. Yerkes (1913) attempted to 

define comparative psychology as the study of any organism’s consciousness and 

behaviour by using the method of comparison. He believed that to fully understand 

human behaviour, we must also understand behaviour in other species, including those 

which are taxonomically close and distant to determine where specific human traits and 

abilities may have originated (Yerkes 1914). Whilst he acknowledged the benefits of 

naturalistic studies, he recognised the importance of implementing the experimental 

method to assess the same behaviours, to complement observational findings (Yerkes, 

1914). Yerkes considered the study of non-human primates to be of particular 

importance as a method to better understand human behaviour and cognition, because of 

their close taxonomic relatedness with man, which was a sentiment echoed by Kohler. 

Kohler (1925a; 1925b) carried out the first thorough research program with apes, and 

saw that chimpanzees showed evidence of insight when completing novel tasks. 

Chimpanzees made errors that appeared to show a level of understanding of the 

situation (Boakes, 2008). From this, he concluded that their behaviour could not be 

explained as purely trial and error. The work of Yerkes and Kohler was in contrast to 

the traditional behaviourist views of Watson (1903) and Thorndike (1898) who 

advocated stimulus-response learning, and who did not place higher intelligence in apes. 

Darwin, Yerkes and Kohler can be considered pioneers of comparative psychology who 

understood that to fully explore human intelligence, it must be considered within an 

evolutionary context and therefore across species. 

Today, the comparative method is widespread across the different domains of 

scientific research, and it is widely accepted that the study of cognitive abilities of non-

human species at differing taxonomic distance from humans can provide important 

insights into the cognitive abilities of common ancestors throughout our evolution. The 



17 
 

methods used to study different species however, must be meaningful and relevant to all 

species being tested in order to accurately assess mental capabilities (see De Lillo, 2012 

for a discussion). However, more recently, it has been noted that whilst comparative 

researchers may focus on the high-level skills animals show akin to humans, we must 

acknowledge the tendencies in humans to behave in a similar manner to animals 

(Shettleworth, 2010). For example, humans have been found to show unconscious 

responses to cues; men are attracted to potential mates on the basis of cues to fitness 

such as waist-to-hip ratio in women (Singh, Dixson, Jessop, Morgan & Dixson, 2010), 

in a similar manner as female birds choose mates with brighter plumage (Hamilton & 

Zuk, 1982). Whilst the similarities between humans and other species must be 

investigated, we must also consider the dissimilarities (Premack, 2007). It is equally 

important to consider the extent to which the cognitive abilities observed in humans are 

unique to us, are high-level skills present in other non-human species, or are behaviours 

that are instinctual and shared with other animals, to fully understand human cognition. 

 

1.3 Primate Diet and Foraging Ecology 

Following the views of Yerkes (1914) and Kohler (1925), comparisons with 

non-human primates allow us to consider when specific cognitive skills may have 

evolved, and advocates the investigation of these skills within evolutionarily-relevant 

contexts. We can only infer what ancestral situations and conditions were like for our 

hominin ancestors from fossil records and the conditions experienced by extant species 

today. Before life on a savannah, early humans transitioned from forest environments 

and had already acquired many adaptations to a forest habitat (Milton, 1981a). 

Supporting this notion, a relatively recent discovery of fossil remains found evidence 

for the earliest hominin ancestor, Ardipithecus ramidus (White et al. 2009), who 

appeared to have inhabited a woodland environment (Louchart et al. 2009). Their 

discovery indicated that Ar. ramidus was a terrestrial species, combining bipedalism 

with arboreal capabilities, with a dental examination showing no strong evidence of 

frugivory, folivory or carnivory, suggesting an omnivorous diet. White et al. (2009) 

stated that this early species predated Australopithecus afarensis, and appeared to be the 

first hominin species found since our last common ancestor with chimpanzees, helping 

to define the evolutionary pathway humans undertook. Their findings largely suggested 

however that the last common ancestor hominins shared with chimpanzees was 

considerably different from existing ape species today. Despite this, the ecological 
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conditions our earliest hominin ancestor faced appears to be similar to the habitats of 

extant chimpanzees, and so it is plausible to assume that they faced similar evolutionary 

pressures. Whilst the diet of chimpanzees is primarily frugivorous, humans also share a 

preference for sugars and fruits (Breslin, 2013), suggesting that fruits played an 

important part in human evolution. The search for ripe fruits within a wooded 

environment may not only result in a taste preference, but may also promote enhanced 

cognition due to the sophisticated cognitive skills required to find these ephemeral 

resources. 

Fruit is a particularly high energy food source, and a frugivorous dietary strategy 

has significant advantages for those who can exploit it (Milton, 2003). In comparison 

with a folivorous diet, a frugivorous diet allows a lesser amount of fruit to be consumed 

than leaves for an equal amount of energy. However, within a tropical forest, the 

availability of fruit fluctuates across seasons (van Schaik, Terborgh & Wright, 1993), 

and for species with a frugivorous-based diet to efficiently forage, sophisticated 

cognitive skills are required to detect these often complex patterns (Milton, 1981a). 

Milton (1981a; 1993) suggested that it was this evolutionary pressure to efficiently 

forage on resources which differed in temporal availability and were patchily distributed 

that triggered the emergence of larger brains and enhanced cognition in primates. 

Across mammalian species, differences can be seen between frugivorous species who 

forage primarily on fruit, and folivorous species whose primary diet consists of leaves. 

Frugivorous, and omnivorous, species show a larger comparative brain size than 

folivores or non-fruit eating species (Harvey, Clutton-Brock & Mace, 1980; Jones & 

MacLarnon, 2004) and show differences in digestive morphology (Chivers & Hladik, 

1980; Milton, 1981b), suggesting that diet and foraging requirements led to cognitive 

and physical adaptations. Milton (1981b) studied the food and digestive strategies of the 

frugivorous black-handed spider monkey (Ateles geoffroyi) and folivorous mantled 

howler monkeys (Alouatta palliate) - two species which are very similar in terms of 

size, social groups, and arboreality, though differ substantially in diet – who were found 

to show very different digestive strategies. The area of the large intestine was found to 

be smaller in spider monkeys in comparison to howler monkeys who require more time 

to process foliage. These findings by Milton (1981b), in accordance with the finding 

that the former have a larger brain size than the latter, suggest an inverse relationship 

between intestine area and comparative brain size in frugivorous and folivorous 

primates. The physical adaptations species show due to their diet, suggests that 
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cognitive adaptations may also differ between frugivores and folivores. Cognitive 

differences have been observed between primate species where foraging ecology differs 

indicating that foraging and diet is a significant selective pressure (Stevens, Hallinan & 

Hauser, 2005). The benefits of maintaining an expensive and enlarged brain must be 

considerable (Milton, 1981a), and may be expressed in enhanced cognitive abilities, 

particularly relating to spatial relations and food distribution.  

We can infer from fossil discoveries that early hominins shared a similar 

ecological environment as extant primates, therefore the assessment of cognitive 

abilities derived from the requirements primates face during foraging would be 

beneficial. It has been suggested that to accurately assess cognitive competences, 

methodologies should be ecologically-valid and consider naturalistic situations 

(Phillips, Kliegel & Martin, 2006; Burgess et al. 2006). However, the situations humans 

experience daily in order to find food are vastly different to the environments in which 

our cognition evolved. It can therefore be suggested that to more accurately assess 

human cognition relating to spatial memory, it would be important to assess humans in 

situations tapping the requirements of search within foraging situations ancestral 

humans would have experienced. 

 

1.4 Sex differences in Spatial Memory 

An additional factor that is thought to influence spatial cognition is sex. The 

literature surrounding spatial memory ability often reports sex differences in the 

performance of both humans (Silverman & Eals, 1992; Silverman, Choi & Peters, 2007; 

Moffat, Hampson & Hatzipantelis, 1998) and non-human species (Gaulin & Fitzgerald, 

1986; 1989; Jacobs, Gaulin, Sherry & Hoffman, 1990; Gresack & Frick, 2003), which 

are thought to have evolved when evolutionary pressures contributed to male and 

female fitness in different ways (McBurney, Gaulin, Devineni & Adams, 1997). 

Typically, studies conclude that males outperform females in spatial tasks, though when 

different aspects of spatial memory tasks are considered there are certain tasks in which 

females surpass males. Two evolutionary theories which attempt to explain this sex 

difference in humans are the hunter-gatherer hypothesis (Silverman & Eals, 1992), and 

the twofold selection process (Ecuyer-Dab & Robert, 2004). 

To explain human sex differences in spatial cognition, Silverman and Eals 

(1992) proposed the hunter-gatherer hypothesis based on the division of labour 

experienced by humans throughout evolutionary history. Bone fragments from the 
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Upper and Middle Paleolithic periods have shown that the human femur and tibia reveal 

sexual dimorphism, suggesting that males were better adapted than females to activities 

needing strength and mobility (Ruff, 1987). Hunting appears to provide a likely 

explanation for human sexual dimorphism, relics of which are still seen today (Tooby & 

DeVore, 1987). Modern hunter-gatherer societies show this division where hunting is 

primarily undertaken by men, and the women gather (Buss, 2009). Silverman and Eals’ 

(1992) hypothesis proposed that due to these roles during the EEA, specific cognitive 

adaptations as well as physical adaptations necessary for pursuing prey successfully 

across large-scale environments would have been selected for in males, whereas 

selection pressures for females would relate to successful gathering in smaller spaces. In 

support of this, males often outperform females on tasks of mental rotation (Silverman 

& Eals, 1992; Silverman, Choi & Peters, 2007; McBurney et al. 1997; Astur, Tropp, 

Sava, Constable & Markus, 2004) and route learning (Lawton, 1994; Moffat et al. 

1998), both of which require an ability to orient the self. Consistent with the theory that 

males evolved specialised adaptations to hunting and tracking prey through large-scale 

spaces, men outperform women in measures of dynamic spatial ability (Law, Pellegrino 

& Hunt, 1993), and have been found to place a heavier reliance on geographical and 

Euclidean information when learning a route, whilst women prefer a smaller-scale, 

landmark strategy (Lawton, 1994; Saucier et al. 2002). Way-finding through a wooded 

area was also found to be superior in males and was specifically related to mental 

rotation ability rather than general intelligence, suggesting that space constancy is the 

fundamental mechanism that has evolved underlying these specific spatial abilities 

(Silverman et al. 2000). Females on the other hand show spatial adaptations to a 

gathering lifestyle. Women show a superiority in object location tasks (Silverman et al. 

2007; Levy, Astur & Frick, 2005; Voyer, Postma, Brake & Imperato-McGinley, 2007), 

show superior plant knowledge (Voeks, 2007) and are able to locate plants and foods 

more accurately than men (Laiacona, Barbarotto & Capiani, 2006; New, Krasnow, 

Truxaw & Gaulin, 2007; Pacheco-Cobos, Rosetti, Cuatianquiz & Hudson, 2010). 

Ecuyer-Dab and Robert’s (2004) twofold selection process offers the 

explanation that a male’s spatial cognitive abilities would have been shaped by inter-

male competition and sexual selection pressures, whilst a females spatial abilities are 

due to mothering constraints. In accordance with the hunter-gatherer theory, hunting 

pressures can be considered a source of male competition, selecting for superior 

navigational abilities in males which are sexually selected for by females (Geary, 1995). 
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However, unlike Silverman and Eals’ (1992) theory, this account applies to both 

humans and other mammal species. By competing with one another for access to mates, 

through hunting or by extending their home range, males are able to increase their 

chances of successful mating (Ecuyer-Dab & Robert, 2004). Many studies, as described 

above, provide support for the idea that male hunting in the EEA has resulted in a 

Euclidean strategy of navigation through large-scale, unfamiliar spaces. Females 

however, would not have faced inter-sex competition to the same extent as males and so 

did not face this evolutionary problem. Being the primary caregiver in the majority of 

mammal species, females were confronted with the challenge of keeping offspring 

alive, resulting in selection for a strong concern for survival of both offspring and self 

(Ecuyer-Dab & Robert, 2004), a propensity much stronger in females than males 

(Campbell, 1999). Thus, this theory proposed that as females are constrained and 

slowed down by pregnancy and young offspring, spatial navigation based on a low-risk, 

proximal, landmark strategy to facilitate memory for locations of food resources and 

nearby hiding places in case of predators, would be more efficacious for females than 

following a Euclidean strategy where the likelihood of making costly mistakes is higher. 

Studies indicating that males outperform females on tasks of way-finding, route 

learning, and use of Euclidean directions support this notion that females faced selective 

pressures for a lower-risk strategy. Both evolutionary hypotheses appear to explain the 

sex differences observed in spatial tasks with humans, though the extent to which sex 

differences occur in spatial tasks which exploit the structure of search environments 

remains an aspect which is yet untested. 

 

1.5 Spatial Working Memory 

It can be inferred from fossil records and extant primate studies that feeding 

ecology plays an important role in the cognitive adaptations we possess today. To 

forage efficiently, a number of cognitive competences are required. An ability to learn 

where and when foods will be available is necessary during search for fruit, in addition 

to an efficient long-term memory (LTM) capacity to learn which locations are profitable 

and which never yield fruit. During a foraging bout, spatial working memory (WM) is 

also important to temporarily store information about spatial locations to support other 

cognitive functions involved in search, and to avoid the occurrence of revisiting 

previously depleted locations (see Baddeley, 2003; Baddeley & Hitch, 1974). WM 

capacity is thought to be associated with higher cognitive skills, and has been suggested 
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to be an important trigger of enhanced human cognition (Coolidge & Wynn, 2005; 

Balter, 2010). Enhanced WM ability is considered to be relatively recently acquired 

within the hominid lineage (Coolidge & Wynn, 2005) though other findings suggest that 

WM can be traced further back than initially thought (Read, 2008). Due to the non-

verbal nature of spatial WM, it is a particularly valuable method to assess cognition 

across species to provide insights into what is characteristic of human and non-human 

cognition. 

 

Visual search and foraging. Typically, visual search tasks are used to assess 

human foraging cognition. For example, Klein and MacInnes (1999) proposed that 

inhibition of return is an important mechanism in visual search and considered it a 

foraging facilitator, whilst Wolfe (2013) used a berry-picking visual search task to infer 

foraging behaviour. However, the question of whether visual search tasks presented in 

plan-view can accurately assess the competences required during foraging was 

considered by Gilchrist, North and Hood (2001) in a large-scale foraging task. Gilchrist 

et al. used arrays of film canisters where participants were asked to find the hidden 

marble by shaking each canister to check for the presence of the target. In accordance 

with typical feature-absent visual search tasks where the target and distractors appear 

similar (Palmer, 1995), Gilchrist et al. found that the time taken to find targets showed a 

linear increase with the array size. Smith, Hood and Gilchrist (2008) further provided 

support for this, indicating that in a large-scale space implementing a typical visual 

search paradigm, feature-absent trials also became more difficult as set-size increased. 

Additionally, a single green light took longer to find amongst locations showing both 

green and red lights (feature-absent), compared to the search for a location with both 

lights lit amongst only green lights (feature-present). These findings suggest that 

important characteristics of visual search can also pertain to large-scale search where 

body movement is required through the search space, and may in fact be a useful 

alternative. However, large-scale foraging tasks often show differences in the number of 

revisits made to previously searched locations. Gilchrist et al. found that revisits were 

relatively rare, which was also found by Smith et al., as in their foraging condition - 

where the target could not be seen unless the location was checked – the majority of 

participants made no revisits at all. In comparison, Gilchrist and Harvey’s (2000) results 

suggested that refixation on targets in a visual search task is common, and that memory 

for previously visited locations appears not to be a strong mechanism. Gilchrist et al. 
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proposed that fewer revisits in a large-scale space could be a result of a larger cost 

involved in revisiting a previously checked location, which would involve walking to 

the location again, and is physically more demanding than refixations in visual search. 

Previous research acknowledges that various types of memory are involved in visual 

search (Gilchrist et al. 2001; Gibson, Li, Skow, Brown & Cooke, 2000) and foraging in 

large-scale search (Gilchrist et al. 2001; Smith et al. 2008), and walking through a 

search space appears to require an increase in WM efficiency to avoid costly revisits. 

 

Simplicity and structure in search. A particular feature of human cognition 

that appears to aid WM and reduce error is the ability to detect patterns and structure in 

stimuli. This propensity to detect and process patterns in the world around us is thought 

to be due to the expansion of the cerebral cortex, and is also often seen in non-human 

primates (Mattson, 2014). This ability is thought to be an adaptation which may persist 

if it results in a large fitness benefit to the individual (Foster & Kokko, 2009). The 

tendency to find patterns has also been considered in relation to simplicity, and has been 

considered a fundamental cognitive skill in humans (Chater, 1996; 1999; Pothos & 

Chater, 2002; Chater & Vitanyi, 2003). Chater (1999) proposed that humans have a 

propensity to search for the simplest pattern or explanation of a situation across a range 

of psychological domains, including perception and memory, to predict and understand 

the world. To support this notion of search for simplicity, humans spontaneously 

organise stimuli into categories based on the simplest choice (Pothos & Chater, 2002), 

show a preference for simple and easy to understand options when faced with a number 

of choices (Iyengar & Kamenica, 2007), and tend to find the simplest pathway through 

arrays of locations (De Lillo, 2012). The simplicity of a pattern can be defined and 

measured in terms of the length of instruction or the time taken to describe it (Chater, 

1999), and was measured in a task by De Lillo (2012). Students were asked to describe 

pathways that were either made by children, capuchin monkeys, or rats. Participants 

required significantly fewer words to describe the pathways made by children than by 

capuchin monkeys, and in turn used less words to describe the route taken by monkeys 

than by rats, indicating that children were making comparatively more undemanding 

routes through the search space than the two animal species. This also highlights 

differences between primates and rodents and implies that an ability to use the simplest 

route increases as taxonomic distance from humans decreases. 
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  Assessing the search strategies primates deployed in a foraging task, De Lillo, 

Visalberghi and Aversano (1997) found that capuchin monkeys were efficient at 

searching arrays of nine baited containers arranged as three clusters, and spontaneously 

searched each cluster in turn. Capuchin monkeys appeared to hierarchically search the 

array of clusters by searching one cluster before moving to the next, to exhaustively 

search the environment, and in turn reducing memory demands. In a later study, De 

Lillo, Aversano, Tuci and Visalberghi (1998) found that capuchin monkeys also 

demonstrated organised search when searching containers arranged as a matrix, line, 

cross or circle, for instance by searching from one end of a line arrangement to the 

other. An ability to deploy highly organised and principled search strategies appears to 

be related to taxonomic distance to humans, as mice (Valsecchi, Bartolomucci, 

Aversano & Visalberghi, 2000) and rats (Foti, Spirito, Mandolesi, Aversano & 

Petrosini, 2007) did not show principled search to the same extent as monkeys when 

faced with the same configurations of baited locations. Interestingly, when tree shrews 

were assessed in this task, Bartolomucci, de Biurrun and Fuchs (2001) observed some 

evidence of hierarchical clustering in a similar manner to capuchin monkeys. This 

demonstration of principled search was to a lesser degree than capuchin monkeys yet 

more principled than rodents. As tree shrews are closely related to primates (Sargis, 

2004), this further supports the notion that an ability to benefit from structure is 

inversely related to phylogenetic distance from humans. Humans have also been found 

to exploit the spatial structure of arrays, when placed within similar conditions in a 

virtual environment (De Lillo & James, 2012). Participants spontaneously searched 

locations arranged as spatial clusters or a matrix, by exhaustively searching each cluster, 

row or column in turn before moving to the next. However, as these tasks observed free 

search behaviour within the arrays, a causal relationship between the path taken and 

performance cannot be inferred. The use of immediate serial spatial recall (ISSR) tasks 

allows researchers to experimentally assess this relationship.  

ISSR tasks are used to experimentally manipulate the paths taken through an 

array of locations to assess recall accuracy. Traditionally, the Corsi block-tapping task 

has been used which requires participants to view the experimenter tapping out a 

sequence across a number of irregularly arranged blocks, before being asked to recall 

the sequence by tapping the blocks in the same order (Farrell Pagulayan, Busch, 

Medina, Bartok & Krikorian, 2006). Within a Corsi-type task, Bor, Duncan, Wiseman 

and Owen (2003) manipulated the structure of sequences to-be-recalled through an on-
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screen array of blocks arranged as a matrix. Sequences were more accurately recalled 

when subsequent locations in the sequence were in the same row, column, or diagonal 

line, compared to when sequences regularly switched rows and columns within the 

matrix. Using ISSR within a patchy environment where locations to-be-searched were 

arranged as clusters, humans were found to recall sequences more accurately when they 

were segregated by clusters, and accuracy decreased when sequences regularly switched 

groups of locations (De Lillo, 2004; De Lillo & Lesk, 2010). In a computerised Corsi 

task with baboons (Papio papio), subjects did not appear to benefit from sequences 

which exploited the structure of the array to the same extent as humans (Fagot & De 

Lillo, 2011). Sequences which follow the structure of the search space and afford 

hierarchical organisation have the property of simplifying the cognitive demands of a 

recall task (De Lillo, 2012), and this difference in ability to exploit spatial structure in 

ISSR task performance between baboons and humans may reflect differences in the 

prefrontal cortex. Bor et al.’s (2003) fMRI data indicated an increased activation of the 

dorsolateral prefrontal cortex (DLPFC) in humans when they experienced structured 

sequences. Humans have been found to possess a comparatively larger DLPFC than 

baboons when considering brain volume (McBride, Arnold & Gur, 1999), suggesting 

that an expansion of this brain region in humans may explain why inter-species 

differences occur in this domain.  

 

Perceptual grouping. Bor et al. (2003) explained their results in terms of 

perceptual grouping processes. The array was presented in plan-view, and accurate 

memory for structured sequences may be explained by chunking proximal locations 

together to form familiar shapes. Research investigating perceptual grouping in primates 

has found differences in global-local processing, which shows a local advantage in 

baboons when viewing targets and locations on screen, whilst humans show a global 

advantage (Fagot & Deruelle, 1997; Deruelle & Fagot, 1997; 1998). An individual who 

focuses primarily on local properties during search may fail to see global, structural 

features of a sequence to-be-recalled. This may explain why humans benefit from the 

global spatial arrangement of locations whilst baboons do not appear to use this 

information. Perceptual grouping is particularly evident in arrays of locations presented 

in plan-view, however ISSR and additional search tasks must also be carried out within 

navigational spaces which do not easily afford perceptual grouping processes. If 
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humans also benefit from structure in these situations then this suggests that species-

typical differences cannot entirely be explained perceptually.  

 

Immediate serial spatial recall in a navigational space. Superior recall 

accuracy for structured ISSR sequences has also been observed in tasks where 

individuals must navigate through virtual environments (De Lillo & James, 2012; De 

Lillo, Kirby & James, 2013). When required to follow specific trajectories through the 

search space participants more accurately recalled sequences which followed the 

structure of the clustered and matrix arrays, and thus subsequent selections were within 

the same cluster, row, or column before moving to the next, than when sequences 

violated this rule and frequently switched cluster, row, or column. These findings 

indicated that within a three-dimensional space where perceptual grouping is not easily 

afforded, spatial structure persists in playing an important role in easing memory load.  

The ability to benefit from spatial structure, particularly when searching spatial 

clusters, may be a specific adaptation in primates to forage on patchily distributed 

resources (see Milton, 1981a; 1993). This ecological pressure is thought to have 

triggered the emergence of primate intelligence, leading to an expansion in memory 

span and the cognitive skills required to efficiently travel between patches (Milton, 

1993; De Lillo, 2012). As such, De Lillo (2012) acknowledged that an ability to benefit 

from the structure of a search space, and to search locations hierarchically, is the most 

efficient method to search a large number of locations whilst minimising memory load. 

In this way, organised and principled search would result in fewer revisits to locations 

previously searched and reduced travel costs. However, a motivation to maximise 

cognitive economy and minimise travelling costs are often considered one and the same 

in foraging models, which the first experimental chapter of this thesis aimed to address. 

 

1.6 Experimental Aims and Methods  

The propensity to exploit spatial structure within a search environment appears 

to be an important aspect of human spatial cognition. Reducing cognitive load by 

hierarchically and principally organising locations to-be-searched would be 

evolutionarily advantageous to minimise the effort expended, and previous findings 

suggest that both humans and non-human primates show this tendency. However, the 

concept of structure and the part it plays in reducing memory load is yet to be fully 

characterised, both in relation to the physical structure of the environment and 
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conceptual structure to be held in memory. Within spatial tasks, reducing cognitive load 

and minimising energy costs through shorter travelling distances are often considered 

equivalent principles, however this assumption may not be withstanding. Across six 

experimental chapters, this thesis aimed to further characterise the human tendency to 

detect structure, by initially disentangling the two driving principles of efficient search 

which are often confounded in studies assessing motivation in search; cognitive load 

and travelling distance. Furthermore, the experiments of this thesis address the use of 

conceptual and temporal structure to be held in memory, the effects of ageing on the use 

of structure, how foraging efficiency develops across children, and finally the foraging 

efficiency and ability of a non-human primate species, Papio papio, to detect and use 

structured information. Across all experiments with humans, sex differences in the use 

of structure and search efficiency were also considered. 

To assess these issues of spatial, conceptual, and temporal structure, the 

experiments presented employ both virtual reality (VR) and touchscreen-based 

methodologies. Within Chapters 2, 3 and 4, participants were assessed within egocentric 

VR environments. VR is a relatively novel method to assess cognition, and is 

particularly valuable in the assessment of spatial WM, allowing participants to move 

and navigate through an environment. VR has many benefits, and is considered an 

ecologically valid and useful alternative to using real-life large-scale spaces. The 

variables manipulated can be easily controlled within VR, allowing for a more accurate 

assessment of cognition, which is particularly valuable when assessing variables and 

cues that cannot be easily disentangled within a natural setting. This methodology also 

allows for environments to be designed for humans which replicate previous conditions 

in which non-human animals have been tested; an important contribution to more 

accurately assess cognitive skills comparatively. To assess spatial memory therefore, 

VR appears to be an invaluable method to accurately consider the cognitive skills 

involved in search and the possible benefits of structure in memory.  

Whilst the benefits of VR are evident, the latter three experimental chapters 

employed a touchscreen-based methodology. The foraging paradigm initially designed 

within VR, was adapted for use on a touchscreen to assess a wider range of participants 

including older adults, young children, and a non-human primate species, in Chapters 5, 

6 and 7 respectively. VR is known to cause motion sickness in some individuals with 

more nausea symptoms reported when viewing VR through a head-mounted display 

(HMD) compared to when viewing VR on screen (Sharples, Cobb, Moody & Wilson, 



28 
 

2008), whilst susceptibility to motion sickness is highly variable and differs vastly 

between individuals (Golding, 2006). VR is therefore not always suitable, most 

particularly when investigating vulnerable cohorts. The use of a touchscreen 

methodology extinguishes the risk of motion sickness and also brings new benefits to 

testing as it is easier to administer and the data collection rate is higher. Participants did 

not experience an immersion within the foraging space, however, the touchscreen task 

retained the capacity to assess the essential cognitive skills required for efficient 

foraging.  

 

The Role of Distance Travelled in Search. Typically in ISSR tasks, sequences 

to-be-recalled which exploit the spatial structure of locations, and for instance visit 

locations within a cluster before moving to the next, are shorter than sequences which 

violate this rule where subsequent selections switch between clusters, and therefore 

require a further distance to-be-travelled through the search space. Whilst previous 

research suggests that spatial structure plays a large role in memory to reduce cognitive 

load (Bor et al. 2003; De Lillo et al. 1997; De Lillo, 2004; De Lillo & Lesk, 2010; De 

Lillo & James, 2012), the confounding variable of path length is present. Smyth & 

Scholey (1992) assessed the role of path length in a spatial span task and found that the 

distance between targets did not have a significant effect on the number of targets 

recalled, suggesting that the distance travelled between locations would not have an 

effect on accuracy within a navigational task. However, a robust effect of path length 

was later demonstrated by Parmentier, Elford & Maybery (2005), who found that 

performance was more accurate when locations to-be-recalled were closer together on 

the screen, and thus when the path length was shorter, compared to recall when 

locations were more distantly spaced. However, this has yet to be assessed within a 

navigational and three-dimensional space. As the current literature stands, the extent to 

which spatial structure plays an important role in reducing memory load is unclear 

whilst the principle of distance travelled through the search space remains intertwined. 

This first experiment outlined in Chapter 2 aimed to address this issue and disentangle 

these two principles within large and smaller-scale VR navigational environments. 

 

Chunking Within Spatial Working Memory. In addition to spatial structure, 

representing items in memory by hierarchically structuring items to-be-recalled also 

plays a role in reducing cognitive load. Chunking typically refers to the recall of a large 
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number of items by grouping items into fewer components to be held in memory 

(Miller, 1956), and has been assessed in humans by the recall of words and lists, which 

show a spontaneous use of categories of like-items (Cohen, 1963; Servan-Schreiber & 

Anderson, 1990). An ability to chunk like-items together has also been claimed to exist 

in rats. Spatial arrangements of locations containing one of three types of food items 

have been used to assess chunking ability in rats. A 12-arm radial maze was used to 

demonstrate that rats learned to efficiently search the maze by using a hierarchical 

search strategy, and organised visits to arms on the basis of the food type found at each 

location (Dallal & Meck, 1990; Macuda & Roberts, 1995). Rats who were given stable 

cues to food location used this information to make fewer choices to complete the maze, 

which was viewed as evidence of chunking. The use of a chunking by food-type 

strategy here was seen as analogous to human chunking, despite the ecological 

differences of a foraging task (Cohen, Pardy, Solway & Graham, 2003). Whilst it is 

important to assess animal cognition within tasks that are meaningful to the species 

tested, it is equally important to assess humans within the same paradigm. As of yet, 

human chunking has not been assessed within a search space which includes 

opportunities to learn where rewarded locations are by use of spatial structure and also 

contains cues to rewards in the form of differing object types. The extent to which 

humans exploit the structure of a VR search space to aid memory for reward location, or 

use a hierarchical chunking strategy in a similar manner to rats was addressed. Chapter 

3 therefore considered whether differences exist in the use of structure between rodents 

and humans, or whether an ability to benefit from this information is an important 

feature of primate cognition. 

 

Detection of Temporal Structure in Search. Structural information to be held 

in memory can occur across time as well as spatially, and this is particularly evident 

within foraging situations. Considering the evolutionary pressures under which our 

search cognition evolved, observations of primates foraging today provide an 

approximation of ancestral conditions hominins faced. Foraging tasks derived from 

these situations can provide an ecologically valid method of assessing the cognitive 

skills required for efficient search. Primates that primarily rely on fruit to reach their 

nutritional requirements must know where and when to find ripe fruit, requiring 

sophisticated cognitive skills to learn regular fruiting patterns across time. Recent 

observations suggest that frugivorous primate species are able to use spatio-temporal 
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information relating to when specific trees will be fruiting and where they are located 

(Janmaat Ban & Boesch, 2013a; Janmaat, Chapman, Meijer & Zuberbühler, 2012). The 

set of experiments outlined in Chapter 4 initially aimed to assess humans within a VR 

foraging situation tapping the cognitive skills relevant to efficient search to determine 

whether humans are able to detect and use spatio-temporal structure within and across 

foraging bouts.  

Within naturalistic foraging environments, non-human primates may use 

olfactory cues rather than spatial information to find fruiting trees, though Janmaat et 

al.’s (2012; 2013a) findings led to the conclusion that the likelihood of this was very 

low. It has been suggested that individuals may acquire cognitive maps (Tolman, 1948) 

to form mental representations of their foraging environment and the spatial 

relationships between objects. Research has suggested that chimpanzees may build 

mental representations of locations and use a flexible Euclidean strategy (Normand & 

Boesch, 2009), whilst other researchers more cautiously agree that locations are 

mentally represented in some way (Zuberbühler & Janmaat, 2010; Janmaat, Byrne & 

Zuberbühler, 2006; Janmaat et al. 2012; 2013a; Ban, Boesch & Janmaat, 2014). 

However, it is not possible to fully experimentally assess whether spatial information is 

acquired within a natural environment as olfactory cues and seasonality changes will 

always be available for an individual to use. It is difficult to assess exactly which 

cognitive skills are involved in efficient search due to the issue of cue competition. 

Associative learning theory posits that the acquisition of spatial information during 

search is not necessary, and individuals may attend to more salient cues, such as visual 

cues, within the environment despite both cues being predictive of reward availability. 

This would indicate an effect of overshadowing (Mackintosh, 1971; 1976). The final 

experiment in this chapter manipulated the cues available to participants to investigate 

whether spatial information is encoded in the presence of potentially salient visual cues 

within an ecological foraging task.  

 

Effects of Ageing in the Detection of Temporal Structure. The importance of 

ecologically valid tasks to assess cognition has been highlighted by previous research 

(Burgess, Alderman, Evans, Emslie & Wilson, 1998; Burgess et al. 2006; Phillips et al. 

2006; Phillips, Henry, Martin & Kliegel, 2008), and is particularly important in relation 

to ageing. Phillips et al. (2006) found that ageing effects were diminished when a task 

based on day-to-day experiences was used. However, day-to-day experiences are 
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evolutionarily recent situations, and an ecological alternative would be to assess effects 

of ageing within tasks based upon situations our hominin ancestors would have faced. 

The foraging task developed within the previous chapter, appeared to be a useful 

paradigm within which to assess cognitive decline. Across humans, a general cognitive 

decline is often seen with age, with older adults showing a decline in cognitive speed 

(van Hooren et al. 2007), and executive function and working memory tasks (van 

Hooren et al. 2007; MacPherson, Phillips & Della Sala, 2002; see Bishop, Lu & 

Yankner, 2010, for a review). Specifically, MacPherson et al. (2002) found that age-

related decline was specific to tasks dependent on the DLPFC, the area of the brain 

which has shown increased activation when experiencing spatial structure (Bor et al. 

2003). As such, an ability to benefit from temporal structure may be reliant on the 

DLPFC and show a deficit in older adults. In this chapter, the foraging paradigm 

developed for the set of experiments outlined in Chapter 4 was modified. A touchscreen 

version was employed to assess the foraging efficiency and ability to detect temporal 

structure shown by older adults, to determine the extent to which they detect and use 

spatio-temporal structure in comparison to their younger counterparts.  

 

Developmental Changes in Foraging Efficiency. In addition to testing an 

ageing population, the foraging task developed afforded the assessment of primary 

school children. It has previously been found that children with larger WM spans better 

organised their search in a large-scale search task (Smith, Gilchrist & Hood, 2005), 

suggesting that spatial WM plays an important role in the search strategies children 

deploy. Evolutionary developmental psychology asserts that across the stages of 

ontogeny, different adaptive pressures were faced which conferred different advantages 

(Bjorklund & Pelligrini, 2000; Bjorklund & Bering, 2002). This is reflected in studies 

which show a developmental trend in cognitive skills, including WM capacity (Orsini et 

al. 1987; Luciana & Nelson, 1998; Hamilton, Coates & Heffernan, 2003), ability to use 

memory strategies (Dempster, 1978), and the use of organised structure (Uttal, Gregg, 

Tan, Chamberlin & Sines, 2001). Utall et al. (2001) found that being shown the 

structure of spatial locations improved children’s search performance. A propensity to 

benefit from structure appears to be related to the DLPFC (Bor et al. 2003), which has 

been found to continue developing after the age of 7 and into early adulthood 

(Diamond, 2002), and to show increased activation with age amongst children in a 

visuo-spatial WM task (Kwon, Reiss & Menon, 2002). Further research by Imbo, 
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Szmalec and Vandierendonck (2009) found that children aged from 9 years old 

benefitted from structured sequences in a Corsi-task and recall accuracy was high, 

though they did not benefit to the same extent as older participants, suggesting that this 

propensity to detect structure in stimuli continues to develop into adulthood. Chapter 6 

aimed to investigate when the cognitive skills involved in efficient foraging develop in 

children, and whether an ability to detect structured patterns occurs, by employing the 

touchscreen foraging task described in Chapter 5. 

 

Foraging Efficiency and Detection of Structure in Baboons, Papio papio. 

The experiments described within Chapters 4, 5, and 6 aimed to assess the cognitive 

skills humans deploy in a foraging task based upon primate foraging situations. 

However, this can only provide information surrounding human cognition, and 

therefore an experimental assessment of non-human primates is required to investigate 

these competences fully. A primate research centre at the Université d’Aix, Marseille, 

comprised an ideal set-up with which to test this foraging paradigm with a troop of 

baboons trained in the use of touchscreen tasks.  

Baboons, like humans, are typically omnivorous which allows them to exploit a 

range of ecological niches (Napier & Napier, 1967; 1985). The divergence of baboons 

from folivorous species is thought to have occurred within similar habitats and at a 

similar time when hominins diverged from a common ancestor with chimpanzees 

(Gilbert, Goble & Hill, 2010; Jolly, 2001; Zinner, Groeneveld, Keller & Roos, 2009). 

As such, Jolly (2001) notes that conditions that may have impacted human evolution in 

sub-Saharan Africa, would have had a parallel effect on ancestral baboons unlike for 

forest-dwelling apes, and this can provide interesting insights into human evolution. 

Mangabey monkeys, species of the Papionini tribe to which baboons belong, appear to 

learn which trees in their home range are most likely to be yielding fruit (Janmaat et al. 

2006; Olupot, Chapman, Waser & Isabirye-Basuta, 1997). Mangabey monkeys are 

primarily frugivorous and so may possess higher level cognitive skills due to the 

requirements of foraging on ephemeral resources (Milton, 1981a; 1993). Chapter 7 

considered the cognitive skills baboons possess and aimed to shed further light on this 

hypothesis. Whilst the previous experiments of this thesis aimed to characterise the 

benefits of structure in human cognition, this final experimental chapter tested a non-

human primate species on a touchscreen-based task to provide further insight into the 
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cognitive skills primates have acquired, and where along the primate lineage high-level 

cognitive skills may have evolved. 

 

1.7 The Search for Structure 

To further characterise the notion of physical and conceptual structure, and its 

role in reducing memory load, the following 6 experimental chapters outline 11 

experiments. An ability to benefit from the structure found in search environments and 

to use principled and organised search strategies would be evolutionarily advantageous. 

By reducing memory load during search, the effort expended during foraging is 

minimised. The propensity to detect and use structure in search tasks was investigated, 

assessing both younger and older adults, children, and a non-human primate species. 

Considering previous research, it is predicted that humans will exploit the spatial, 

conceptual, and temporal structure present within search environments, whilst the final 

experiment with baboons aimed to provide further insight into the evolution of this 

cognitive competency. 
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Chapter 2: The Role of Distance Travelled in Search 

 

2.1 Introduction 

The study of WM, and particularly spatial WM, is a valuable way to assess 

cognitive functions across species due to its non-verbal nature. WM is a system that 

stores information temporarily, in order to support other cognitive functions (Baddeley, 

2003; Baddeley, & Hitch, 1974), which in relation to spatial WM, enables the 

temporary storage of locations during search. WM capacity is seen to be associated with 

higher cognitive skills, and an expansion in this domain has also been considered as an 

important trigger of hominin cognition (Coolidge & Wynn, 2005; Balter, 2010). 

Considering this, and the non-verbal nature of spatial WM more specifically, the 

comparative study of this may provide information about what is characteristic of 

human cognition and provide insights surrounding the evolution of WM throughout the 

primate order (De Lillo et al. 2013).  

 

2.1.1 Principled and Organised Search Strategies 

To aid WM, the use of principled and organised search strategies have been 

shown to be spontaneously deployed in non-human primates (De Lillo et al. 1997; De 

Lillo et al. 1998) and improve recall in humans (De Lillo & James, 2012; De Lillo et al. 

2013). De Lillo et al. (1997) assessed capuchin monkeys (Cebus apella) within a spatial 

WM task, in which they were required to search sets of nine baited containers 

suspended from the ceiling of their enclosure arranged as three clusters (or ‘patches’) or 

as a matrix in three rows and columns. The monkeys showed principled search 

strategies when searching the arrays of baited containers, however they were most 

efficient when searching the clustered arrays, and made less redundant moves than 

when searching the matrix array. De Lillo et al. (1997) concluded that capuchin 

monkeys use principled and efficient search strategies here and benefit from the 

structure of a patchy search space, which may be an adaptation due to foraging on 

patchy resources within natural environments. These studies support the hypothesis 

proposed by Milton (1981a; 1993), who initially suggested that the emergence of high 

level cognitive skills was triggered by the diet of frugivorous primate species and the 

requirements of foraging on ephemeral resources in a forest environment. This 

hypothesis offers an explanation as to why frugivorous capuchin monkeys show 

evidence of effective cognitive skills, and also why they appear to perform exhaustive 
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searches of locations in a more principled manner in patchy spaces in comparison to 

linear constructs. Research with other species in a similar set-up using search arrays of 

clusters and matrices, has shown that mice (Valsecchi et al. 2000) and rats (Foti et al. 

2007) do not appear to develop principled search strategies, whilst tree shrews 

performed the task in a more strategic manner than rodents, though not to the same 

extent as capuchins (Bartolomucci et al. 2001) – an interesting finding considering tree 

shrews close genetic relationship to primates (Sargis, 2004).   

 

2.1.2 Immediate Serial Spatial Recall 

The studies performed with capuchin monkeys and other species assessing the 

deployment of organised strategies are observational, and so cannot tell us what 

motivates systematic searches. To experimentally assess this relationship between the 

strategies used to search spatial arrays and accuracy of search, ISSR tasks have been 

used. Bor et al. (2003) initially differentiated between structured and unstructured 

sequences within a Corsi-type computerised recall task with humans, and found that 

sequences that visited sequential locations within the same row, column or diagonal line 

of the matrix array were better recalled than unstructured sequences which violated this 

rule and regularly switched between rows. Using an ISSR task within a patchy 

environment, De Lillo (2004) manipulated the spatial arrangement of the locations and 

the sequences to-be-recalled. Items were presented on-screen to human participants 

arranged as three clusters of three items and findings indicated that sequences were 

better recalled when they exploited the spatial structure of the array and were segregated 

by clusters, compared to when sequences switched between clusters. Bor et al. (2003) 

paradoxically found that fMRI data showed an increased activation of the DLPFC in 

human brains when structured sequences which eased memory load, were recalled, 

suggesting that this area of the brain plays an important role in recognising and 

benefiting from structure. However, the ISSR tasks described offered participants a 

plan-view of the array, and perceptual processes may have contributed to recall 

accuracy. To overcome this, further studies have used three-dimensional, navigational 

environments to decrease the chance of perceptual grouping.  

Using egocentric virtual environments, De Lillo and James (2012; De Lillo et al. 

2013) used the equivalent spatial arrangements as De Lillo et al. (1997) and found that 

humans spontaneously deployed hierarchical and structured search strategies similar to 

capuchin monkeys when given free search of a clustered array. Results experimentally 
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confirmed this proficiency to benefit from structure, as findings also showed that when 

participants were required to use ISSR to follow specific trajectories through the search 

space, participants more accurately recalled structured than unstructured sequences. 

These findings highlight the benefits of spatial structure in egocentric navigational 

spaces in which the viewpoint changes accordingly as the participant walks and turns 

through the search space, suggesting that perceptual grouping processes may not fully 

explain this phenomenon. However, a confounding variable which exists in studies 

manipulating the structure of sequences to-be-recalled is the issue of path length. 

Structured path sequences exploiting the structure of the locations within the array are 

typically shorter and therefore the distance to-be-travelled is decreased in comparison 

with path sequences which are unstructured. Unstructured sequences typically contain 

path crossings which often increase the distance required to-be-travelled through the 

search space. Path length must be taken into consideration when interpreting these 

findings. 

 

2.1.3 Path Length 

Manipulating path length has produced conflicting findings, with research 

finding an effect of path length on the Corsi task (Smirni, Villardita & Zappalá, 1983a) 

whilst other studies show no significant effect when distances between blocks are 

changed (Smyth & Scholey, 1992). The path length effect was further tested and 

defined by Parmentier et al. (2005) in a task requiring participants to recall sequences of 

dots presented on a screen, where the distance between the locations was manipulated. 

Their findings indicated that as the distance between the dots increased and thus as path 

length increased, serial memory for the locations decreased. Sequences were more 

accurately recalled when the locations to-be-selected were closer together. The 

robustness of the path length effect was further demonstrated by Guérard, Tremblay and 

Saint-Aubin (2009), and was again demonstrated in a later study concluding that path 

length had a greater effect on performance than the manipulation of the display size 

(Guérard & Tremblay, 2012).  

However, the extent to which path length influences recall accuracy in a three-

dimensional navigational space is unclear. In navigational spaces, there are energetic 

costs to consider when traversing a larger distance. Considering optimal foraging, an 

organism must determine whether an increase in time and energy will result in gain or 

loss (MacArthur & Pianka, 1966). Bernstein, Kacelnik and Krebs (1991) acknowledge 
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that travel time between locations should be taken into account when considering 

foraging; cotton-top tamarins (Saguinus oedipus) for example have been found to travel 

further for a larger reward (Stevens, Rosati, Ross & Hauser, 2005). In addition to a 

desire to increase food intake, Winterhalder (1981) recognises that amongst humans, 

there is also a desire to reduce the time and energy spent foraging to increase time for 

social or leisure activities. In this way, in a VR foraging task, humans are expected to 

minimise the time and energetic costs that may be expended during search. In the 

present study, the distance to-be-travelled between locations within a VR environment 

and the cognitive load required to recall path sequences was manipulated. 

 

2.2 Experiment 1 

An ISSR paradigm was employed within an egocentric virtual environment in 

which participants were required to navigate through and follow structured and 

unstructured trajectories. To disentangle two motivating factors of search and to 

therefore assess whether the benefit of structure during recall is due to reducing 

cognitive load, or due to a shorter path length to-be-traversed, this study manipulated 

the distance between locations. The performance of male and female participants was 

also considered. 

 

2.2.1 Methods 

Participants. A group of 37 participants (18 female and 19 male), aged between 

18-42 years old (M = 21.81, SD = 5.22) from the University of Leicester took part for 

course credit or were paid a small fee for their time.  

 

VR Apparatus and Environment. Participants were tested in a VR lab at the 

university, using Vizard 3.0 software. The virtual environment was presented via a 

NVIS nVisor stereoscopic HMD, and an Inter-Sense position tracker determined the 

viewpoint depending on the head movements of the participant. A handheld wand with 

a thumb operated joystick was used to navigate through the environment and to produce 

responses by pressing a trigger with the forefinger. The virtual environment was a large, 

textured hall which consisted of landmarks placed along the walls; two doors, two sofas, 

a bookcase, and three framed paintings (see Figure 2.1). A set of nine poles was placed 

in the centre of the virtual room, each surmounted by a white sphere. Poles were either 

arranged as a 3 x 3 matrix or as 3 clusters each containing 3 poles. The inter-pole 
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distance within each configuration of poles was manipulated to be either large or small; 

hereafter referred to as long-path or short-path. The inter-pole distance in the long-path 

condition was 2.1m, which was three times as long as the inter-pole distance in the 

short-path condition, 0.7m. The starting distance from the poles in the long-path 

condition was 14.7m and 4.9m in the short-path condition. Figure 2.1 shows a plan view 

of the virtual room and the pole configurations. 

 

ISSR in VR. Participants were required to select the poles in a prescribed order. 

To select a pole, participants navigated towards it in the virtual environment, and when 

they were within selecting range of the pole, the message ‘Select Pole?’ appeared. Once 

the wand trigger was pressed, a message confirming that the pole had been visited 

(‘Pole Selected’) was displayed. No cues were left to mark visited locations. As 

movement was controlled by the wand, no physical walking movement was required by 

the participant. The viewpoint of the participant was updated by the tracking system 

which used the head movements to produce an immersive experience.  

Participants were required to follow specific trajectories through the search 

space using serial recall, and each trial featured a presentation and a recall phase. In the 

presentation phase, one of the white spheres surmounting the poles turned red until the 

participants travelled through the environment and selected it. Once selected, the sphere 

returned to white, and a second pole tuned red until selected. This occurred until all nine 

poles had been visited, then the recall phase began. The starting position was reinstated 

and participants had to recall the sequence of the presentation phase by navigating 

through the environment once more and selecting the poles in the same order. The 

spheres remained white at all times during this phase. Once 9 selections had been made 

within a trial, the trial terminated and the next trial began. 
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Figure 2. 1 A plan view of the VR environment depicting the short-path clustered 

condition, and below, the configurations and path length sizes. Left; the 

clustered array in the long-path (top) and short-path (bottom) conditions. Right; 

the matrix array in the long-path (top) and short-path (bottom) conditions. 



40 
 

Design and Procedure. Each trial featured either the clustered or matrix 

configuration of poles, and long-path or short-path arrays. The sequences to-be-recalled 

in a given trial were either structured or unstructured. Structured sequences in the 

clustered condition featured the selection of consecutive items within the same cluster 

until the cluster was exhaustively explored, whilst unstructured sequences always had 

consecutive items to-be-selected within different clusters. In accordance with Bor et al. 

(2003), structured sequences in the matrix condition had consecutive items within the 

same row, column or diagonal line, whereas unstructured sequences always violated this 

rule. The long-path structured trials were designed to require a longer walking distance 

through the VR environment than the short-path unstructured trials.  

There were eight conditions in total (see Figure 2.2). Participants completed 

alternating trials of the long-path and short-path arrays, with the starting condition 

randomised across participants. The order in which participants completed matrix or 

clustered arrays, and received structured or unstructured sequences to-be-recalled was 

also randomised across the trials. A repeated measures design was used, as participants 

completed 2 trials of each condition, completing 16 trials in total. Participants were 

given a short break when required, and a 5-minute break after 8 trials.   

 

Measures. Performance was measured by calculating the mean number of 

correct responses for each condition. A correct response was defined as any selection to 

a pole in the recall phase that was selected in the same order as that presented in the 

presentation phase. In any trial, the optimum number of correct responses was 9, and the 

highest score a participant could receive was 144. The reaction time between pole 

selections was also measured in seconds. 
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Figure 2. 2 The eight conditions presented illustrating the clustered (C) and matrix (M) 

arrays, long-path (L) and short-path (S) arrays, and structured (St) and 

unstructured (U) sequences; a) CLSt, b) CLU, c) MLSt, d) MLU, e) CSSt, f) 

CSU, g) MSSt, and h) MSU. 

 

c)                                                                d)                            

 

e)                                                                f)                            

 

a)                                                                b)                            

 

g)                                                                h)                            
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2.2.2 Results 

Accuracy. The means for each condition are shown below in Figure 2.3. To 

assess the average number of correct responses made across the conditions, a 2 x 

(Distance Travelled) x 2 (Configuration) x 2 (Structure) x 2 (Sex) ANOVA was carried 

out. A significant effect of Structure was found, F (1, 35) = 41.86, p < .001, with paired 

sample t-tests showing that trials which featured structured sequences (M = 49.49, SD = 

13.72) produced a greater number of correct responses than when unstructured 

sequences (M = 39.41, SD = 16.82) were recalled, t (36) = 6.55, p < .001. There was no 

significant effect of Configuration, F (1, 35) = 1.51, p = .228, nor Distance Travelled, F 

(1, 35) = .92, p = .343, showing that overall, recall accuracy in both the matrix and 

clustered configurations, and the long-path and short-path arrays were similar. There 

were no significant interactions between Distance Travelled, Configuration, and 

Structure, minimum F (1, 35) = 2.93, p = .096.  

 

 

Figure 2. 3 The mean number of correct responses made within each condition, with +1 

SE bars. 

 

The mean number of correct responses made in each condition by males and 

females are shown below in Figure 2.4. A significant main effect of Sex was found, F 
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(1, 35) = 6.50, p < .05, with independent samples t-tests indicating that overall, males 

(M = 100.00, SD = 30.27) made significantly more correct responses than females (M = 

77.17, SD = 23.61), t (35) = 2.55, p < .05. A significant interaction of Configuration x 

Sex was also found, F (1, 35) = 5.98, p < .05, with independent samples t-tests 

indicating that in the matrix arrays, males (M = 52.11, SD = 15.27) made significantly 

more correct responses than females (M = 37.83, SD = 13.75), t (35) = -2.98, p < .01. A 

trend also emerged for the clustered configuration, though this was not statistically 

significant, t (35) = -1.87, p = .07. There were no further significant interactions 

between the factors, minimum F (1, 35) = 1.54, p = .223. 

 

 

Figure 2. 4 The mean number of correct responses made by males and females in each 

condition, with +1 SE bars. 

 

Reaction Time. The mean reaction times for each condition are shown in Figure 

2.5. A further 2 x (Distance Travelled) x 2 (Configuration) x 2 (Structure) x 2 (Sex) 

ANOVA was carried out to assess the time taken to select poles in each condition. 

There was a significant effect of Distance Travelled, F (1, 34) = 300.33, p < .001, 

Structure, F (1, 34) = 103.50, p < .001, and Configuration, F (1, 34) = 4.65, p < .05. As 
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expected, paired sample t-tests indicated that long-path sequences (M = 11.39, SD = 

2.56) took significantly longer to recall than short-path sequences (M = 6.16, SD = 

1.52), t (36) = 17.57, p < .001, and unstructured sequences (M = 10.45, SD = 2.60) took 

longer to recall than structured sequences (M = 7.16, SD = 1.63), t (36) = -10.47, p < 

001. Sequences in the matrix arrays (M = 9.10, SD = 2.25) also took longer to recall 

than clustered sequences (M = 8.49, SD = 1.99), t (36) = 2.07, p < .05. Additionally, 

there was a significant interaction of Distance Travelled x Structure, F (1, 34) = 15.24, p 

< .001, with paired sample t-tests confirming that in both array sizes, unstructured 

sequences took longer to recall than structured sequences, minimum t (36) = 7.90, p < 

.001. A significant interaction of Configuration x Structure was also found, F (1, 34) = 

35.53, p < .001, with further t-tests indicating that within both configurations, 

unstructured sequences took longer to recall than structured sequences, minimum t (36) 

= 4.01, p < .001. There was no significant interaction of Distance Travelled x 

Configuration, F (1, 34) = 2.02, p = .164.  

 

Figure 2. 5 The mean reaction time (seconds) taken to select consecutive items within 

each condition, with +1 SE bars. 
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The mean reaction times for each sex are shown in Figure 2.6 for each 

condition. There was no significant main effect of Sex, F (1, 34) = 1.75, p = .195, 

however a significant interaction of Distance Travelled x Configuration x Sex was 

found, F (1, 34) = 8.55, p < .01. Independent samples t-tests to investigate the 

interaction showed that females (M = 6.69, SD = 1.92) took significantly longer 

between consecutive selections than males (M = 5.46, SD = 1.53) in the short-path 

clustered condition, t (35) = 2.15, p < .05. There were no further interactions between 

the factors, minimum F (1, 34) = 3.08, p = .09. 

 

 Figure 2. 6 The mean reaction time (seconds) taken to select consecutive items by 

males and females in each condition, with +1 SE bars. 
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confirmed that sequences in the long-path trials took longer to recall than those in the 

short-path arrays. Despite a longer time to completion of a trial, recall accuracy was 

exclusively affected by the structure of the sequences to-be-recalled. Overall, recall 

accuracy improved when sequences to-be-recalled were structured and exploited the 

spatial structure of the array, compared to unstructured sequences.   

 

2.3.1 Importance of Cognitive Economy 

These findings contrast with the path length effect (Parmentier et al. 2005; 

Guérard et al. 2009; Guérard & Tromblay, 2012). Guérard et al. (2009) suggested that 

sequences to-be-recalled which featured a large distance between locations were more 

poorly recalled as the perceptual organisation of the array was disrupted and would be 

encoded in isolation as opposed to when there was a small distance between locations 

which can be processed as a group. This explanation does not appear to pertain to the 

current results. Path length had no significant effect on recall, consistent with Smyth 

and Scholey’s (1992) findings, whilst the structure of the to-be-recalled sequences 

showed a robust and consistent effect throughout. Whilst physical energetic costs are 

minimised in VR tasks, moving through large VR environments replicates the costs 

involved in walking and is costly in terms of time. However, the current findings 

strongly suggest that the benefits of reducing memory load by using spatial structure 

outweighs the costs of travelling a further distance through the search environment.  

The findings are consistent with previous research demonstrating that structured 

sequences are more accurately remembered and recalled than unstructured sequences 

(De Lillo & James, 2012; Bor et al. 2003; De Lillo, 2004). The ISSR task implemented 

here successfully disentangled two motivating principles of efficient search, 

highlighting a propensity for humans to strive for cognitive economy. A proficiency to 

use structure within search supports the notion that a motivation to reduce cognitive 

load plays an important role in spatial memory. These findings are consistent with the 

theory that humans show a propensity to search for simplicity (Chater, 1996; 1999; 

Pothos & Chater, 2002; Chater & Vitanyi, 2003), and suggests that a desire to use the 

simplest strategy occurs within spatial memory. Following the structure of the search 

array provides a cognitively simpler route through the space even when travelling 

across a larger distance, in comparison to sequences which require switching regularly 

between clusters, rows or columns within the array. It is possible therefore that this 

ability to benefit from spatial structure may be an evolutionary adaptation which must 
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have been associated with large fitness benefits for it to have evolved and persisted in 

human cognition (Foster & Kokko, 2009). An ability to detect and use structure within 

an environment may also be related to the requirements of foraging on ephemeral 

resources (Milton, 1981a; 1993). Frugivorous primates must learn where and when 

patchily distributed fruits are available within their environment, and therefore a 

proficiency to use the structure of an environment to reduce cognitive load and to avoid 

revisiting locations would be highly beneficial. It may be the case that early hominins 

evolved high level cognitive skills due to these foraging requirements.  

 

2.3.2 Comparative Differences 

Studies have shown that mice (Valsecchi et al. 2000) and rats (Foti et al. 2007) 

do not show principled search when searching clustered arrays. Findings from tree 

shrews indicate a more principled search than rodents (Bartolomucci et al. 2001), whilst 

capuchin monkeys’ show use of organised strategies (De Lillo et al. 1997; 1998) which 

do not however reach the same efficiency as humans (De Lillo & James, 2012). It can 

be suggested that an ability to benefit from spatial structure is characteristic of higher 

cognition in primates, however ISSR tasks are required to assess this. In an ISSR task, 

Fagot and De Lillo (2011) found that in comparison to humans, baboon performance 

was significantly impaired by path length, and subjects did not appear to benefit from 

the structure of the sequences to-be-recalled. This difference between baboons and 

humans could be explained by a lack of this ability along the baboon lineage due to a 

non-frugivorous diet, or a loss if an ability to detect structure became redundant in 

baboon evolution. However, differences here could also be explained in the task 

methodology. Baboons completed the task using a touchscreen and therefore differences 

in human and monkey cognition may be explained by differences in perceptual 

processing (Fagot & Deruelle, 1997; Deruelle & Fagot, 1997; 1998; Spinozzi, De Lillo 

& Truppa, 2003) rather than by an inability to benefit from spatial structure. Research 

assessing capuchin monkeys have used sets of baited containers within their enclosures, 

and humans have been tested within navigational environments, therefore it is unclear 

how baboons would behave under similar conditions. However, an ability to benefit 

from structure as shown in the current task when searching within environments which 

do not easily afford perceptual grouping, suggests that disparities here are not in 

themselves due to perceptual differences. Further research with non-human primates 

would help clarify this.  



48 
 

2.3.3 A Male Advantage 

The findings indicated that males outperformed females, consistent with 

previous studies reporting a male advantage within an ISSR task (Kaufman, 2007; 

Orsini et al. 1986; 1987). Within the current study males scored higher on recall 

accuracy than females, suggesting that memory for traversing paths through 

navigational environments was superior in males. This is in contrast to findings which 

showed no sex differences on the Corsi task (Smirni, Villardita & Zappala, 1983b; 

Capitani et al. 1991; Postma et al. 2004). A lack of a significant sex difference on the 

Corsi task however may be explained by the visual and perceptual grouping processes 

involved, which may not tap the skills that are required in three-dimensional, 

navigational environments (Gilchrist, North & Hood, 2001). 

A male advantage within this task can be explained by a propensity for males to 

detect patterns in stimuli (Baron-Cohen, 2002). Whilst Chater (1996; 1999) suggested 

that an ability to detect patterns was an important aspect of human cognition, Baron-

Cohen (2002; Baron-Cohen, Richler, Bisarya, Gurunathan & Wheelwright, 2003) found 

that this ability was more pronounced in males. However, as there was a male 

advantage in trials featuring unstructured pathways, it may be the case that this 

difference was due to a general superiority of male navigational skills. In relation to 

evolutionary theories, this finding is consistent with the hunter-gatherer hypothesis 

(Silverman & Eals, 1992) which suggests that superior male spatial knowledge evolved 

due to the division of labour experienced by early humans, where selection pressures 

favoured advanced navigational and spatial skills in males to find and track prey. The 

male advantage demonstrated here could also be explained by Ecuyer-Dab and Robert’s 

(2004) two-fold selection process, which posits that sexual selection pressures and inter-

male competition was the trigger for superior spatial skills.  

 

2.3.4 Conclusions 

The findings provide further support for the notion that humans have a strong 

tendency to benefit from the spatial structure of search spaces, and are consistent with 

theories that humans strive for simplicity (Chater, 1996; 1999). This propensity to 

benefit from spatial structure despite a further distance travelled, indicates that a 

motivation to promote cognitive economy outweighs energetic costs. This experiment 

successfully disentangled these two motivational factors which typically become 

confounded in models of search. The findings of this spatial recall task also provide 
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support for evolutionary theories of sex differences, though further investigation of sex 

differences across species in ISSR tasks would help clarify the extent to which male and 

female evolutionary pressures have influenced spatial WM. 

An ability to detect and use structure during search may be characteristic of 

higher level cognition in primates (Milton, 1981a; 1993; De Lillo et al. 1997; De Lillo, 

2012). Previous studies with rodents have suggested that rats and mice are less able to 

benefit from the structure of spatial arrays (Valsecchi et al. 2000; Foti et al. 2007) than 

primate species, however it has been suggested that rats employ a form of cognitive 

economy during search for food, by chunking like-items together for a more efficient 

search (Dallal & Meck, 1990; Macuda & Roberts, 1995). This data-reducing strategy 

has not been assessed in humans within a foraging situation, however the VR apparatus 

allowed the assessment of this strategy within the next chapter by placing humans 

within the same conditions experienced by rats.  
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Chapter 3: Chunking within Spatial Working Memory 

 

3. 1 Introduction 

The findings presented in Chapter 2 demonstrated the importance of search 

strategies which exploit the structure of the search space to ease memory load. This 

ability to benefit from spatial structure to reduce cognitive cost has been considered 

characteristic of higher cognition in primates (Milton, 1981a; 1993; De Lillo et al. 1997; 

De Lillo, 2012), though other studies suggest that rats also show a propensity to reduce 

cognitive costs in the form of chunking (Dallal & Meck, 1990; Macuda & Roberts, 

1995). 

 

3.1.1 Chunking to Reduce Cognitive Load 

Bor et al. (2003) suggested that structured sequences are more accurately 

recalled because humans chunk locations together to form familiar structures. Chunking 

is seen as a higher cognitive process which aids the recall of a larger number of items 

from memory by grouping items into fewer components (Miller, 1956), and is an 

efficient response strategy seen widely in humans. Chunking to aid memory has also 

been found to occur in non-human primates and pigeons (Terrace, 2001), and rats 

(Dallal & Meck, 1990; Macuda & Roberts, 1995). Previously, it had been thought that 

rats do not appear to search arms of a radial maze in an efficient manner (Olton & 

Samuelson, 1976). However, within a radial maze baited with different food types, 

Dallal and Meck (1990) claimed that rats deploy a hierarchical search strategy, by 

chunking locations to-be-searched by the food type found at each location. In their 

study, each location was baited with one of three food types, and rats were placed in the 

maze with either stable food cues creating chunks which the rats could use to navigate 

the environment, or with unstable cues where the food type found at each location did 

not provide consistent information about location within and across trials. Rats appeared 

to visit arms which contained their most preferred food type first, followed by arms of 

their second-preferred food, and visiting the least preferred foods last. Rats also made 

fewer choices to complete the maze suggesting that the chunking by food type strategy 

they deployed was an efficient method to ease cognitive load. 

Macuda and Roberts (1995) replicated Dallal and Meck’s (1990) study, and 

suggested that chunking is not necessary to attain arm preferences, and a non-chunked 

mental representation of the arms would allow rats to visit preferred food first. Each of 
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the 12 arms and the food types found there may be independently represented, rather 

than forming fewer food ‘maps’ in memory to create chunks. To further assess this, 

Macuda and Roberts (1995) rearranged the food types after first training rats with stable 

food cues which created chunks. Food types were rearranged by either exchanging one 

food type with another whilst maintaining the same chunked locations as learned in the 

training trials, or by exchanging one food type with the two remaining foods, 

compromising the previously learned chunks and requiring new chunks to be learned. 

The chunk maintained group more easily learned the new food locations and were 

quicker to return to their food preference hierarchy, compared to the chunk 

compromised group, providing further evidence to support the notion that rats form 

hierarchical chunked representations in memory. 

 

3.1.2 Reducing Cognitive Load or Optimal Foraging? 

In radial maze tasks assessing chunking, rats have been found to often switch 

chunks before all arms containing a particular food type have been visited (Cohen et al. 

2003). Errors of this type may highlight a difference in memory chunking capacity 

between rats and humans, however as a non-exhaustive search by rats is common due to 

leaving ‘patches’ before all arms are exhausted, it is difficult to accurately assess a rats 

WM capacity (Cohen et al. 2003). In humans, short term memory span is acknowledged 

to be 7 ± 2 (Miller, 1956; Chase & Simon, 1973), whilst Macuda & Roberts (1995) 

suggested that rats may only have a span of three components. Cohen et al. (2003) 

suggested that the errors seen in rat performance may be due to the chunking strategy 

being at odds with an optimal foraging strategy (Charnov, 1976) where rats should aim 

to visit locations in such a way as to reduce predation and expend less energy. Rats are 

highly susceptible to predation, and chances of survival are improved if they switch 

patches more often (Brown, 1999). Thus rats may be more likely to make errors in 

chunking because all items within a cluster may not be fully explored before they move 

to the next set of locations. This was illustrated in a study showing that rats were more 

likely to search adjacent arms within a radial maze when the central arena was large 

compared to a smaller centre (Yoerg & Kamil, 1982), suggesting that rats perform in 

such a way as to minimise predation risks. Importantly, Cohen et al. (2003) highlighted 

the issue that searching for hidden food items within a radial maze is an ecologically 

different task from those used to assess human chunking. However, the use of a 
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chunking by food type strategy claimed to be used by rats is seen as analogous to 

human chunking, despite this ecological difference. 

To assess chunking in humans, studies have used words and lists (Cohen, 1963; 

Servan-Schreiber & Anderson, 1990), sequence learning (Pammi, Miyapuram, Bapi & 

Doya, 2004; Bor et al. 2003), and chess performance (Chase & Simon, 1973; Gobet & 

Simon, 1998). Chase and Simon (1973) assessed chess players on their ability to recall 

the locations of pieces on a board, and found that players appeared to reconstruct boards 

in groups of pieces. This was explained by the authors in terms of chunking, suggesting 

that this memory strategy can pertain to visuo-spatial tasks. However, the motivation 

that rats face during foraging to exploit patches whilst reducing predation risk, are not 

faced by humans. It is therefore important to assess humans within the same conditions 

as rats experienced to assess whether humans also show this tendency, or whether we 

strive to reduce cognitive costs by exploiting the spatial structure of search arrays. 

 

3.1.3 Spatial Search Strategies 

Within spatial arrays, humans have been found to search linearly and to benefit 

from the structure of the search space (De Lillo, 2004; 2012; De Lillo & James, 2012; 

Bor et al. 2003). Bor et al. (2003) explained this in terms of chunking, as in an ISSR 

task, sequences with the opportunity to reorganise locations into patterns increased WM 

capacity, and in turn were easier to recall. Whilst they employed a 2D search space, De 

Lillo and James (2012) used a VR space in which participants were required to navigate 

through the environment. Using an ISSR paradigm in accordance with Bor et al. (2003), 

recall accuracy was higher for structured sequences where the locations to-be-recalled 

were consecutively in the same row, column or cluster, until that group had been 

exhaustively explored. The findings presented in the previous chapter (see De Lillo et 

al. 2013), indicated that superior recall accuracy of structured sequences was present 

regardless of the distance travelled through the search space, suggesting that foraging 

strategies in humans are motivated by cognitive economy as opposed to reducing 

energetic costs. Considering this, it would be important to assess whether or not humans 

would continue to search linearly and exploit the structure of the search space, in such 

situations where there is an available cue of food type which rats appear to use to aid 

memory. In this case, it would be important to dissociate the structure of the search 

space with the food types found at each location to clearly assess chunking and spatial 

search preferences in humans. This task also relates to memory for object location, and 
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therefore the extent to which sex differences occur in this task was also considered (see 

Silverman & Eals, 1992; Eals & Silverman, 1994; Levy et al. 2005).  

 

3.2 Experiment 2 

This experiment aimed to assess the search strategies spontaneously deployed 

during free search of a matrix array with a proportion of locations containing one of 

three food types, and whether rearranging the food types found at each location and 

manipulating chunked locations had an effect on performance. A matrix of locations 

was used to allow for a portion of locations to remain unrewarded, to avoid a purely 

linear search strategy.  

 

3.2.1 Methods 

Participants. Twelve undergraduate students (7 female and 5 male) from the 

University of Leicester took part for course credit. Participants had a mean age of 22.17 

(SD = 6.12), with an age range of 18-39 years. 

 

VR Apparatus and Environment. Participants were tested in a VR psychology 

lab at the University of Leicester. Vizard 4.0 software was used to present the virtual 

environment, which participants viewed via a NVIS nVisor head mounted display. A 

handheld wand with a joystick was used to navigate and produce responses. The virtual 

environment was the same room as described in Chapter 2, which featured a large, 

textured hall with landmarks placed along the walls, including two doors, two sofas, a 

bookcase, and three framed paintings. There were 25 white poles in the centre of the 

room to be searched, which were arranged as a 5 x 5 matrix. Once a pole was selected, 

the message ‘Pole Selected’ appeared, and if a food reward was hidden at that location, 

a picture of the item found was also shown. Any revisits to locations where the food 

item had already been collected, only showed the message ‘Pole Selected’. The pole 

configuration and the virtual food reward message is shown in Figure 3.1. 
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Figure 3. 1 Top; The virtual hall with landmarks and the matrix of locations. Bottom; 

the message and image shown when a pole was selected. 

 

Design and Procedure. All trials consisted of 12 rewarded locations which 

contained one of three food types (Figure 3.2). Four poles each hid honey jars (H), 

apples (A), and carrots (C). The rewarded locations were arranged so that only one of 

each food type was in the same row or column, dissociating the spatial structure of the 

search space from the food types.  
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Figure 3. 2 The configuration of food types and locations within the array. 

 

Each participant completed training trials where the locations of the food types 

were fixed and remained the same throughout, enabling participants to predict where the 

food types would be found. Participants were then assigned to one of three test 

conditions. In the test trials, the rewarded locations remained the same, but the food 

types found at each location were exchanged. In accordance with Macuda and Roberts’ 

(1995) paradigm, the chunk maintained (CM) condition retained the locations of the 

chunks of food items that could be learned in the training trials, though the food types 

were exchanged. The honey jars were replaced by carrots, the apples were replaced by 

honey jars, and the carrots were replaced by apples. The chunk compromised (CC) 

condition required participants to learn new chunks in order to chunk by food type. 

Existing food types were exchanged with both remaining types. The honey jars were 

replaced by 2 apples and 2 carrots, the apples were replaced by 2 honey jars and 2 

carrots, and the carrots were replaced by 2 honey jars and 2 apples. These two 

conditions are depicted in Figure 3.3. In the third condition, mixed locations (ML), the 

food type found at each location changed from trial to trial and so could not be learned. 

Participants were instructed to find the hidden foods and informed that each trial 

would terminate once all foods had been found. Participants completed 10 training 

trials, and were then given a short break of 10 minutes. Then, 15 test trials were 

administered in which the position of the learned food types were manipulated.  
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Figure 3. 3 The food locations in the foraging space: Left; the training trials. Top right; 

the chunk maintained (CM) test trials. Bottom right; the chunk compromised 

(CC) test trials. 

 

Measures. Accuracy was calculated by analysing the mean number of selections 

until all foods had been found. As there were 12 foods to be found within the array, the 

optimum number of selections for each trial was 12. Participants were required to meet 

a criterion of 15 selections or less by the last trial in order to ensure that the locations of 

the foods had been learned and to progress to the test trials. In accordance with Macuda 

and Roberts’ (1995) analysis, we calculated the number of alternations between food 

types during each trial to assess chunking. For this analysis, only selections to rewarded 

poles were included. For example, if participants selected honey-honey-honey-honey-

carrot-carrot-carrot-carrot-apple-apple-apple-apple, then this would consist of 2 
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alternations; the first from honey to carrot, and the second from carrot to apple. A value 

of 2 alternations would indicate a chunking strategy using the item found at each 

location as a cue to chunk. Higher values would be indicative of an alternative search 

strategy. 

 

3.2.2 Results 

Accuracy. Participants became more efficient in their search and made fewer 

selections until a trial was completed across the experiment. The mean number of 

selections for all conditions across the training and the test trials are shown below in 

Figure 3.4. 

Figure 3. 4 The mean number of selections to completion of a trial in the training and 

test trials, shown across blocks of 5 trials for each condition with +1 SE bars. 

 

The mean number of selections made in the last 5 training trials was 16.95 (SD = 

5.43), with all participants reaching the criterion of 15 selections or less. In this block, a 

one-way ANOVA with Condition and Sex as factors indicated that all participants were 

performing similarly. There were no significant differences in the mean number of 

selections made by participants across the three conditions (Condition, F (2, 6) = .19, p 

= .831; Sex, F (1, 6) = .33, p = .586). 
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A 2 (Blocks) x 3 (Condition) x 2 (Sex) ANOVA was carried out comparing each 

condition from the last block of training trials to the first block of test trials, which 

showed no significant effect of Condition, F (2, 6) = .05, p = .950. There was no 

significant effect of Blocks, F (1, 6) = 1.50, p = .266, Sex, F (1, 6) = .03, p = .870, nor 

any interactions between the factors, minimum F (2, 6) = 2.69, p = .147.  

A 3 (Blocks) x 3 (Condition) x 2 (Sex) ANOVA comparing the test trials was 

carried out. A significant effect of Blocks, F (2, 12) = 5.46, p < .05, was found, with 

findings indicating that the mean number of selections continued to decrease across the 

trials. There was no significant main effect of Condition, F (2, 6) = .12, p = .889, Sex, F 

(1, 6) = .71, p = .431, nor any interactions between the factors, minimum F (2, 6) = 

1.43, p = .310.  

 

Alternations. To assess chunking by food type, the mean number of alternations 

made between the food types selected was analysed. Figure 3.5 shows the mean number 

of alternations across the training and test trials.  

 

Figure 3. 5 The mean number of alternations made between food types in the training 

and test trials, shown across blocks of 5 trials for each condition, with +1 SE 

bars. 
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The mean number of alternations in the last block of training trials was 10.30 

(SD = .62) indicating that participants were not using food type as a cue to chunk. A 

one-way ANOVA with Condition and Sex as factors showed that in this block, the 

mean number of alternations made by participants in each condition was not 

significantly different. There was no significant effect of Condition, F (2, 6) = .41, p = 

.683, nor Sex, F (1, 6) = .41, p = .545. 

To assess changes in search, a 2 (Blocks) x 3 (Condition) x 2 (Sex) repeated 

measures ANOVA was carried out analysing the number of alternations made by 

participants in each condition from the last block of training trials to the first block of 

test trials. There was a significant effect of Condition, F (2, 6) = 6.05, p < .05, Blocks, F 

(1, 6) = 22.05, p < .01, and an interaction of Blocks x Condition, F (2, 6) = 11.35, p < 

.01. Pairwise comparisons showed that in the first block of test trials, participants within 

the CM group (M = 10.60, SD = .80) made significantly more alternations than those in 

the CC group (M = 8.45, SD = 1.26), t (5) = 2.88, p < .05. There was a significant 

interaction of Condition x Sex, F (2, 6) = 5.52, p < .05, however post-hoc t-test 

comparisons did not show significant differences, minimum t (2) = -1.83, p = .207. 

There was no significant effect of Sex, F (1, 6) = .09, p = .775, nor a significant 

interaction of Blocks x Sex, F (1, 6) = 3.39, p = .115.  

Across the three blocks of test trials, a 3 (Blocks) x 3 (Condition) x 2 (Sex) 

ANOVA was carried out. There was a significant effect of Condition, F (2, 6) = 6.83, p 

< .05, and an interaction of Blocks x Condition, F (4, 12) = 5.57, p < .01, with pairwise 

comparisons indicating that as reported for the previous ANOVA, the difference lay 

within the first block of test trials, as those in the CM group made significantly more 

alternations than those in the CC condition. A significant interaction of Condition x Sex 

was also found, F (2, 6) = 8.15, p < .05. Post-hoc t-test comparisons showed that 

females made fewer alternations (M = 7.53, SD = .75) than males (M = 10.17, SD = 

.52), which approached significance, t (2) = -4.07, p = .055. There was no significant 

effect of Blocks, F (2, 12) = 3.12, p = .081, Sex, F (1, 6) = 2.35, p = .176, nor an 

interaction of Blocks x Sex, F (2, 12) = 3.74, p = .055, despite approaching significance. 

The tendency for participants in the CM condition to make more alternations in 

the test trials than those in the CC and ML groups could be explained by the logistics of 

dissociating the organisation of the search space from the items found at each rewarded 

location. As the CM condition exchanged whole chunks, the items found at each 

location remained dissociated from the structure. The CC condition however, consisted 
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of switching food types with two other food types, resulting in two apple and two honey 

jar locations in the same column (Figure 3.3). Similarly, the nature of the ML condition 

consisted of a number of like-items across the trials appearing in the same row or 

column, confounding the dissociation from spatial organisation. If participants in these 

conditions were using a spatial search strategy, they would therefore be more likely to 

make fewer alternations than the participants in the CM group. 

 

Path Analysis. The low number of selections made by participants and the 

relatively high number of alternations suggests that humans were searching efficiently 

throughout the array of locations but were not using food type as a cue to chunk. The 

proportion of consecutive selections that were in the same row or column was 

calculated to assess use of spatial structure, and was compared to the proportion of 

consecutive selections that were to the nearest, unsearched location, to assess whether 

this could be explained by location proximity. Both measures were calculated using the 

test trials where the participant had found all foods within 12 selections. A paired 

samples t-test showed that the proportion of selections to locations in the same row or 

column (M = .69, SD = .11) was not significantly different to the proportion of 

selections to the nearest unsearched location (M = .67, SD = .11), t (12) = .379, p = .711, 

indicating that both strategies may play an important role in search.  

To further assess the use of spatial strategies, binomial tests were run to examine 

whether participants were more likely to select locations within the same row or column 

before moving to the next row or column, significantly more than chance level. For 

each participant, all test trials where all foods were found within 12 selections were 

analysed to calculate a combined probability. After the first selection, the probability 

that the next choice would be in the same row or column was calculated. For example, 

using Figure 3.6, if the first choice was to location N, the probability that the second 

choice would be to S or D, would be 2/11 = 0.18. If the second choice was to P, then the 

probability that the third choice would be to U, A, R or S would be 4/10 = 0.4. The 

probabilities were combined to provide a mean probability for each trial. These were 

averaged to calculate an overall probability across the trials for each participant. The 

first choice on each trial was omitted, and all subsequent observed choices were labelled 

‘1’ if that choice was in the same row or column as the previous selection, or ‘0’ if that 

choice was at another location in the array.  
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Figure 3. 6 The locations of the rewarded poles in the matrix. 

 

The binomial tests indicated that all participants selected consecutive poles that 

were in the same row or column more often than expected if all locations were to be 

chosen equally, p < .01.  

 

3.2.3 Discussion 

Participants efficiently learned the locations of hidden food rewards and quickly 

arrived at the optimum number of selections to complete each trial. The high number of 

alternations made throughout suggested that participants were not chunking food 

locations together, with the results suggesting that humans spontaneously deploy a 

spatial search strategy. The results also suggest that humans search using a combination 

of spatial search strategies and benefit from using the structure of the search space in 

concordance with searching locations that are nearby, rather than relying on the type of 

food found at each location to direct search. Taken together with the results described in 

Chapter 2 that humans are motivated to reduce cognitive as opposed to energetic costs, 

this suggests that participants place a large importance on the spatial constraints of the 

search space, which is consistent with the findings of De Lillo and colleagues (De Lillo, 

2004; 2012; De Lillo & James, 2012; De Lillo et al. 2013). A marginal effect of Sex 

was found, indicating that males tended to make more alternations between food types 

than females, though this only pertained to the CC condition. Generally, no significant 
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sex differences were found suggesting that both males and females are efficient at 

foraging under these conditions. The findings suggest that when there is the option to 

group like-items together, humans show a strong tendency to use a search strategy 

which exploits the structure of the search space. 

Whilst humans do not appear to spontaneously chunk by food type to aid recall 

of rewarded locations, the extent to which this search strategy benefits or hinders 

performance remains unclear. 

 

3.3 Experiment 3 

During free search, Experiment 2 showed a strong tendency for humans to use 

the spatial constraints of a search space to aid recall, and participants did not 

spontaneously use the items found at each location to chunk locations together. It is 

unknown whether a chunking by food type strategy would be beneficial to search 

performance or whether participants chose not to deploy this strategy due to greater 

cognitive costs that may hinder performance. To assess this, Experiment 3 introduced 

participants to a chunking by food type strategy. 

 

3.3.1 Methods 

Participants. A new group of 11 participants took part in this experiment. 

Undergraduate students and volunteers from the university (5 female and 6 male) took 

part for course credit or were paid for their time. Participants had a mean age of 22.73 

(SD = 5.00), with an age range of 18-31 years.  

 

Design and Procedure. The same VR equipment and virtual environment as 

described for Experiment 2 was employed. This experiment also implemented the same 

design as described for the previous experiment, however only the CM and CC 

conditions were used to assess chunking proficiency. As the aim of this experiment was 

to determine whether participants are able to learn a chunking by food type strategy, the 

ML condition was not required. Participants were instructed to find the hidden foods, 

and in addition, they were asked to find the foods in food type order. Participants were 

required to exhaustively search locations for a specific food type, before switching to 

search for a different food type. Participants could choose whether to visit carrot, apple, 

or honey jar locations first, second, or third. It was anticipated that this would be more 

difficult for participants, thus they completed 15 training trials before the 15 test trials. 
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To prevent participants from anticipating a change after the training trials, participants 

completed 3 sessions of 10 trials to ensure that the change occurred mid-session. In this 

way, they completed 10 training trials, 5 training + 5 test trials, and finally 10 test trials. 

Participants were assigned to either the CM or the CC condition, and were given a short 

break after the second session. 

 

Measures. A criterion of 15 selections or less by the last training trial was used, 

with an additional criterion of 3 alternations or less, to ensure they had learned the 

locations of the foods and were chunking by food type. Accuracy and the mean number 

of alternations were calculated as described for Experiment 2. 

 

3.3.2 Results 

Accuracy. The mean number of selections until a trial was completed are shown 

in Figure 3.7 for the training and test trials of the CM and CC conditions.  

 

 

Figure 3. 7 The mean number of selections to completion of a trial in the training and 

test trials, shown across blocks of 5 trials for each condition, with +1 SE bars. 
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The mean number of selections in the last 5 training trials was 16.42 (SD = 

4.99). All participants reached the criteria required of 15 selections or less in the last 

block. All participants performed at a similar level, as indicated by an independent 

samples t-test which showed that there was no significant difference between the mean 

number of selections in the last block of training trials made by participants in the CM 

and those in the CC group, t (9) = 1.20, p = .260. An independent samples t-test further 

indicated that in this block of trials, there was a trend for females (M = 19.96, SD = 

5.45) to make more selections than males (M = 13.47, SD = 1.78), which approached 

significance, t (4.71) = 2.56, p = .054. 

From the last block of training trials to the first block of test trials, a 2 (Blocks) x 

2 (Condition) x 2 (Sex) repeated measures ANOVA, showed no significant effect of 

Blocks, F (1, 7) = 3.45, p = .106, Condition, F (1, 7) = .02, p = .906, nor interactions 

between Blocks x Condition, F (1, 7) = 3.32, p = .111 and Blocks x Sex, F (1, 7) = 6.75, 

p = .202. A significant effect of Sex was found, F (1, 7) = 11.73, p < .05, and a 

significant interaction between Sex x Condition, F (1, 7) = 11.00, p < .05. Post-hoc 

independent samples t-tests showed a trend across both blocks for females (M = 22.04, 

SD = 4.94) to make more selections than males (M = 16.35, SD = 3.65), which 

approached significance, t (9) = 2.20, p = .055. Further t-tests indicated that only 

amongst males, did those in the CC condition (M = 19.30, SD = 2.36) make 

significantly more selections than those in the CM condition (M = 13.40, SD = 1.28), t 

(4) = 3.80, p < .05. Amongst females, this difference was not significant (CM – M = 

25.85, SD = 2.19, CC – M = 19.50, SD = 4.71, t (3) = 1.72, p = .184). 

Across the three blocks of test trials, a 3 (Blocks) x 2 (Condition) x 2 (Sex) 

ANOVA was carried out which showed that there was a significant effect of Blocks, F 

(1.06, 7.43) = 20.39, p < .01, as performance improved across the trials. There was no 

significant effect of Condition, F (1, 7) = 1.42, p = .272, Sex, F (1, 7) = 1.86, p = .215, 

nor any interactions between the factors, minimum F (1, 7) = 1.49, p = .262, suggesting 

that participants in both conditions efficiently learned where the virtual rewards were 

located once the food types were exchanged. 

 

Alternations. The mean number of alternations between food types is shown 

below in Figure 3.8 for the CM and CC conditions. 
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Figure 3. 8 The mean number of alternations made between food types in the training 

and test trials, shown across blocks of 5 trials for each condition, with +1 SE 

bars. 

 

In the last block of training trials, all participants reached the required criterion 

of a maximum of 3 alternations. Participants made a mean number of 3.44 (SD = 1.48) 

alternations, indicating that participants were able to select locations based on a 

chunking by food type strategy. An independent samples t-test showed no significant 

difference between those in the CM condition and those in the CC group in training 

block 3, t (9) = 1.20, p = .260, which confirmed that participants efficiently used a 

chunking by food type strategy before commencing the test trials. A further independent 

samples t-test indicated that in the last block of training trials, females (M = 4.08, SD = 

1.94) and males (M = 2.90, SD = .79) made a similar number of alternations, t (9) = 

1.37, p = 203. 

A 2 (Blocks) x 2 (Condition) x 2 (Sex) repeated measures ANOVA compared 

performance from the last block of training trials to the first block of test trials. There 

was a significant effect of Blocks, F (1, 7) = 7.12, p < .05, and an interaction between 

Blocks x Condition, F (1, 7) = 7.46, p < .05. Post-hoc paired-samples t-tests indicated 

2

3

4

5

6

7

8

9

10

1 2 3 4 5 6

Training Test

M
E

A
N

 A
L

T
E

R
N

A
T

IO
N

S

BLOCKS OF FIVE TRIALS

Chunk Maintained Chunk Compromised



66 
 

that participants in the CC condition made significantly more alternations in the first 

block of test trials when food types were exchanged (M = 6.30, SD = 1.09) compared to 

the last block of training trials (M = 3.50, SD = 1.97), t (5) = 3.715, p < .05. There was 

no significant difference for participants in the CM condition between the last training 

block (M = 3.36, SD = .78) and the first test block (M = 3.28, SD = 1.25), t (4) = .16, p 

= .881. There was no significant main effect of Condition, F (1, 7) = 4.60, p = .069, 

Sex, F (1, 7) = 2.02, p = .198, nor an interaction of Condition x Sex, F (1, 7) = .001, p = 

.981. 

Across the test trials, a 3 (Blocks) x 2 (Condition) x 2 (Sex) ANOVA was 

carried out. There was a significant effect of Blocks, F (2, 14) = 36.98, p < .001, a 

significant interaction of Blocks x Condition, F (2, 14) = 11.32, p < .01, and a 

significant main effect of Condition, F (1, 7) = 7.39, p < .05. Independent samples t-

tests showed that when the food types were rearranged in the first block of test trials, 

those in the CC condition (M = 6.30, SD = 1.09) made significantly more alternations 

than those in the CM condition (M = 3.28, SD = 1.25), t (9) = 4.27, p < .01. All other 

comparisons were non-significant, suggesting that those in the CC condition quickly 

returned to an efficient search of the array using a chunking by food type strategy by the 

second block of test trials. There was no significant effect of Sex, F (1, 7) = 2.08, p = 

.192, nor any further interactions, minimum F (2, 14) = 1.45, p = .269. 

 

Did Chunking by Food Type Benefit Performance? To assess whether this 

search strategy aided or hindered performance, the mean number of selections made 

across the first ten training trials of Experiment 2 and 3 were compared, and is shown 

below in Figure 3.9. A 10 (Trials) x 2 (Experiment) ANOVA was carried out, which 

showed a significant effect of Trials, F (4.809, 100.987) = 10.015, p < .001, and a 

significant interaction between Trials and Experiment, F (4.809, 100.987) = 2.417, p < 

.05. Independent samples t-tests indicated that those who were required to use a 

chunking strategy in the current experiment performed worse than those who could 

implement their own search strategy in Experiment 2, in trials 3, 6 and 8, minimum t 

(21) = -2.16, p < .05. There was no overall significant main effect of Experiment.    
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Figure 3. 9 The mean number of selections made to completion of a trial, across the 

first ten training trials for Experiment 2 and Experiment 3, with ±1 SE bars. 

 

3.3.3 Discussion 

The results of Experiment 3 indicated that humans are efficient at using a 

chunking by food type strategy. By the end of the training trials, participants made few 

alternations between food types, and searched by grouping like-items together. The test 

trials showed that participants in the CC condition who needed to create new chunks 

once the food types were rearranged were significantly impaired compared to the CM 

condition, in the first block of test trials only. This suggests that humans efficiently 

rearrange their memories, and accurately learn new chunks when required to do so, 

highlighting a difference between human and rat performance (Macuda & Roberts, 

1995). Comparing the training trials for Experiments 2 and 3, analyses indicated that 

participants had a higher accuracy rate during Experiment 2, however humans were able 

to use and benefit from a chunking strategy. The trend for participants to make more 

selections in the current experiment suggests that humans needed to learn to chunk by 

food type and that this strategy may carry a higher cognitive cost.  
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The results also highlighted a marginal sex difference in the number of 

selections needed to complete a trial. Females tended to make more selections by the 

end of the training trials than males, however this did not reach significance. Once food 

types were exchanged, only males showed a significant increase in the number of 

selections made. Female performance did not show a significant increase, however, a 

higher number of selections by females than males may explain why only males were 

significantly impaired by reorganised chunks. These results suggest that superior object 

location memory may not serve females specifically in this navigational task (see 

Silverman & Eals, 1992; Eals & Silverman, 1994; Levy et al. 2005). 

A preference to employ a search strategy exploiting the spatial structure of the 

matrix array is evident, however it remains unclear whether this difference between 

humans and rats is largely due to the linear search strategy that the matrix array of poles 

affords. Experiment 3 assessed humans within a radial maze. 

 

3.4 Experiment 4 

To assess chunking by rats, a radial maze was used with locations arranged in a 

circular configuration (Dallal & Meck, 1990; Macuda & Roberts, 1995). The matrix 

array may have encouraged a linear search strategy, therefore Experiment 4 aimed to 

replicate the conditions of previous studies with rodents to assess human performance 

when experiencing the same configuration of locations. 

 

3.4.1 Methods 

Participants. A new group of six undergraduate students (3 female and 3 male) 

from the university took part for course credit. Participants had a mean age of 19.33 

years, with an age range of 18-21 years.  

 

VR Apparatus and Environment. The same equipment and virtual hall with 

textures and landmarks as described for the previous two experiments were used here. A 

12-arm radial maze was designed within SketchUp Make 2015, and added to the hall 

with a pole located at the end of each arm (Figure 3.10). Transparent walls were added 

between the arms to prevent participants from crossing from one arm to the next and 

requiring them to return to the central arena before subsequent choices. The dimensions 

of the maze were based on the maze used by Macuda and Roberts (1995). The central 

platform had a radius of 60cm, with the arms extending 75cm, and a width of 10cm. 
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The participants view point was lowered in the virtual environment to replicate the 

conditions a rat would face in the maze. 

 

Design and Procedure. The same food types as described previously were used 

here, and each of the poles hid one of the three food types. The foods were arranged so 

that the same types were not in adjacent locations, dissociating food type from the 

structure of the search space. As this experiment aimed to assess whether spontaneous 

chunking would occur in a radial maze, the different conditions were not assessed here. 

Participants were instructed to find the hidden foods, and completed 10 training trials 

where food locations were fixed, before completing a further 10 CM test trials in which 

food items were switched, but retained the chunked locations. Once all foods were 

found, the trial terminated. 

  

Measures. Performance accuracy and the number of alternations was calculated 

as described for Experiments 2 and 3.  
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Figure 3. 10 Above: An aerial view of the radial maze as designed in SketchUp; Below: 

View of the radial maze in the virtual environment. 
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3.4.2 Results 

Accuracy. The mean number of selections in the last 5 training trials was 13.10 

(SD = 1.99). The means for each block of trials are shown in Figure 3.11.A paired 

samples t-test was carried out comparing the mean number of selections across the 

training trials and the CM trials, which showed no significant difference, t (5) = 1.80, p 

= .132. Participants were efficient at searching the maze in all trials and performance 

was not affected by the reorganisation of food types. Comparing male and female 

performance, independent samples t-tests indicated that in the training trials there was a 

trend for females (M = 14.03, SD = 1.25) to make more selections than males (M= 

12.10, SD = .17), which approached significance, t (4) = 2.65, p = .057. There was no 

significant difference between females (M = 12.60, SD = .62) and males (M = 12.06, SD 

= .12) in the CM trials. 

 

Figure 3. 11 The mean number of selections and alternations made in the training trials 

and CM test trials, across blocks of five trials, with +1 SE bars. 

 

Alternations. The mean number of alternations across the trials are also 

illustrated in Figure 3.11. A one sample t-test comparing performance in the last block 

of training trials (M = 8.70, SD = .73) against the criterion of 3 alternations set in 

Experiment 3, showed that significantly more alternations were made, t (5) = 19.00, p < 
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.001, indicating that participants were not spontaneously using a chunking by food type 

strategy. A paired samples t-test further suggested this, as there was no significant 

difference between the mean number of alternations in the training trials and the test 

trials when food types were exchanged. To compare differences between the sexes, 

independent samples t-tests indicated that females (M = 8.40, SD = .95) and males (M = 

8.93, SD = .21) performed similarly in the training trials, t (4) = -9.46, p = .398. 

Performance was also non-significantly different in the CM trials (female – M = 8.80, 

SD = 1.11, male – M = 9.03, SD = .06, t (4) = -.36, p = .735). 

 

Spatial Search Strategies. As in Experiment 2, the results indicated that 

participants efficiently searched the locations, though did not appear to search by food 

type, as shown by the high number of alternations. To assess the search strategies 

deployed, arm movement was calculated. Arm movement was defined as the number of 

arms between the arm the participant had just exited and the arm where a pole was next 

selected. For each pole selection, a value of 1 was assigned to an adjacent arm entry, 

and values of 2, 3, 4, 5 or 6 were assigned to entries 2, 3, 4, 5 or 6 arms away from the 

arm just exited. Binomial tests assessed the prevalence of an adjacent arm search 

strategy. Of the 6 participants, 5 participants were significantly more likely to enter an 

adjacent arm than a non-adjacent arm, p < .001. One participant did not appear to use 

this strategy, and instead employed an alternative spatial strategy. A further binomial 

test showed that this participant was significantly more likely to enter opposite arms 

than adjacent or other non-opposite arms, p < .001.  

 

3.4.3 Discussion 

There was a strong tendency for participants to spontaneously deploy a spatial 

search strategy when searching for hidden food items within the radial maze, again 

supporting previous studies assessing the importance of spatial structure in search (De 

Lillo, 2004; 2012; De Lillo & James, 2012). The near optimum number of selections 

made in both the training and test trials showed that humans are very efficient at 

searching this configuration of locations, whilst the high number of alternations 

between food types suggested that humans were not using a chunking by food type 

strategy. The binomial tests confirmed that all participants were using a spatial search 

strategy, and either searched adjacent or opposite arms to aid recall. 
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3.5 General Discussion 

In this VR task, humans spontaneously deployed a spatial search strategy when 

given free, unrestricted search of both a matrix of locations and a radial maze and did 

not appear to use the foods found at each location to direct search. Participants 

efficiently learned the locations of the hidden food items using this spatial strategy, 

though the high number of alternations between the different food types indicated that 

participants did not chunk like-items together, unlike rats who were found to 

spontaneously deploy a chunking strategy (Dallal & Meck, 1990; Macuda & Roberts, 

1995). This finding makes an important distinction between rat and human cognition, 

and highlights the importance of testing humans within animal paradigms to ascertain 

where similarities and differences lie. Participants appeared to benefit from employing a 

chunking by food type strategy when required to do so, and search for the food rewards 

remained efficient. Once food types were exchanged in the test trials, participants who 

were required to form new chunks were efficient at reorganising memory in this way 

and quickly returned to a similar level of performance as participants who experienced 

trials where chunked locations remained consistent. This differs to the results of 

Macuda and Roberts (1995) who found that by the end of the test trials, rats in the 

chunk compromised group did not reach the same level of accuracy as the group where 

chunk integrity was maintained.  

 

3.5.1 Differences in Foraging Strategies 

An obvious difference between the current set of experiments and the studies 

carried out with rats (Dallal & Meck, 1990; Macuda & Roberts, 1995) is the use of real 

food items and virtual foods. The search strategy shown by rats, described as chunking, 

may be due to food preferences. Rats visited their most preferred food first, and this 

motivational factor would also result in a search strategy which decreases the number of 

alternations between food types. In a similar task with hidden food items, chimpanzees 

have been found to direct their searches to locations containing preferred fruit first, 

before searching for less-preferred vegetables (Menzel, 1973), suggesting that food 

preference is an important factor. The chunking by food type strategy deployed by rats, 

and visits to preferred foods first, may be an indication of rats following an optimal 

foraging strategy to exploit specific patches (Charnov, 1976; Cohen et al. 2003), and to 

reduce predation risks (Brown, 1999). Memory for where the preferred foods are 
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located within the maze therefore may be an indirect result of this, resulting in an 

organised search pattern.  

Humans however do not face the same evolutionary pressures during foraging, 

and this may explain why search strategies differ between humans and rats. Participants 

completed the maze by searching adjacent or opposite arms, which was a strategy also 

deployed by marmosets (Callithrix jacchus jacchus) in a similar search task requiring 

hidden foods to be found (MacDonald, Pang & Gibeault, 1994). Roitblat, Tham and 

Golub (1982) suggested that a high level of performance on a radial maze task however 

may be simply explained by the use of algorithmic patterns. Their results found that 

Siamese fighting fish (Betta splendens) showed a tendency to enter adjacent arms in a 

water version of the maze, suggesting that performance may not depend on a high-level 

cognitive system. These studies and findings suggest that the search strategies a species 

employs can be explained by the foraging pressures they face. Whilst further studies 

assessing humans using real food items would be informative, the current experiments 

suggest that humans appear to minimise the time taken, effort, and memory load, and 

thus choose the simplest search strategy which follows the structure of the search space. 

 

3.5.2 Spatial Structure in Search 

A propensity to use the spatial constraints of a search environment for data 

reduction appears to be very strong in humans (De Lillo, 2004; 2012; De Lillo & James, 

2012; De Lillo et al. 2013). In the current set of experiments, we ensured that the 

structure of the search space was dissociated from the food type found at each location. 

However, to chunk by food type would require the participant to cross rows and 

columns of the matrix, which would in turn increase the distance to-be-travelled through 

the search space. As the results described in Chapter 2 suggest that a motivation to 

reduce cognitive load plays a larger role in spatial memory than the energetic cost of 

travelling a further distance through the search space (see De Lillo et al. 2013), it can be 

suggested that a preference to search using the spatial structure of the search arrays as 

opposed to chunking by the items found at each location is unlikely to be due to a 

reluctance to travel a larger distance.  

 

3.5.3 Object Location Memory 

The findings of these studies do not support the notion of a sex difference in 

ability to search for hidden food items. This finding is in contrast with previous studies 
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reporting a female advantage in object location tasks (Silverman & Eals, 1992; Eals & 

Silverman, 1994; Levy et al. 2005), but supports previous studies which did not find an 

effect of sex in navigational tasks (Astur et al. 2004; Levy et al., 2005; Iachini, Sergi, 

Ruggiero & Gnisci, 2005). It is possible that the navigational aspect of this task 

requiring participants to walk through a three-dimensional environment, had an impact 

on these results. The results reported in Chapter 2 indicated that males outperformed 

females when recalling pathways through an array of locations, thus in this task, 

females may be impaired by the spatial aspect and males may more accurately recall the 

locations of objects within a navigational space. If male performance excels within a 

navigational space, and females show a proficiency for object location tasks, then this 

may explain why males and females performed similarly in this task. 

  

3.5.4 Conclusions 

The results show that humans have a very strong tendency to use the spatial 

structure of a search space to guide search, and are most likely to devise the simplest 

and least cognitively demanding strategy to solve a task. Previous studies show that rats 

appear to chunk by the food type found at each location to perform a more efficient 

search, however these findings can also be explained by an optimal foraging strategy to 

exploit patches of food. The fact that humans do not appear to use this strategy raises 

questions about the extent to which we can attribute human cognitive competences to 

non-human species in the absence of experiments testing both study species within the 

same paradigm. 

It may therefore be the case that a cognitive ability to detect and use structure 

during search is characteristic of primate cognition (Milton, 1981a; 1993; De Lillo et al. 

1997; De Lillo, 2012). To further understand this propensity in humans, it is useful to 

consider the environmental situations within which our cognition evolved. Chapter 4 

further considers this in relation to primate foraging and the requirements of foraging 

within variable forest conditions.  
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Chapter 4: Detection of Temporal Structure in Search 

 

4.1 Introduction 

The findings presented in Chapters 2 and 3 highlighted the importance of spatial 

structure in search cognition, and suggest that an ability to detect and benefit from 

structure may be characteristic of high-level cognition in primates. Of particular 

relevance to spatial cognition, is the notion that many cognitive competences we 

possess today are thought to have evolved from foraging behaviour. Foraging is directly 

related to individual fitness and so intuitively, the cognitive skills required for efficient 

foraging, including WM skills (Coolidge & Wynn, 2005), route planning (Wiener & 

Mallot, 2003; Noser & Byrne, 2007a; 2010; Janson, 2007), wayfinding (see Golledge, 

1999), ability to mentally represent spaces (Tolman, 1948; Noser & Byrne, 2007b; 

Normand & Boesch, 2009), and a preference for structured pathways to ease memory 

load during search (Bor et al. 2003; De Lillo & James, 2012; De Lillo et al. 2013), 

would have been selected for in humans and across the primate lineage. 

 

4.1.1 Evolutionary Pressures 

Whilst the exact conditions that our hominin ancestors faced during foraging are 

unknown, evidence suggests that hominins initially evolved within forest environments 

prior to savannahs (Lovejoy, 1981; Milton, 1981a). More recently, discoveries have 

suggested that our earliest hominin ancestor, Ardipithecus ramidus, exploited both 

arboreal and terrestrial competences, dwelling within a wooded habitat (White et al. 

2009; Louchart et al. 2009). Ar. ramidus is considered to be omnivorous, however, 

considering this ancestors arboreal abilities and our evolved preference for fruit and 

sugars that we share with other primate species (see Breslin, 2013), the sophisticated 

cognitive competences seen in extant chimpanzees today may be a relic of the 

capabilities that existed in our last common ancestor. The frugivorous diet of ancestral 

primates is thought to have played an important role in the evolution of complex 

cognitive abilities (Milton, 1981a; 1993; see Zuberbühler & Janmaat, 2010, and Fleagle, 

2013, for a discussion), due to the nature of living and foraging within such complex 

and variable environments. Comparatively, the brain sizes of primarily folivorous 

species are smaller than that of species who are frugivorous or omnivorous (Harvey et 

al. 1980), highlighting a relationship between diet and cognitive capacity. Milton 

(1981a) hypothesised that it was this propensity to forage on fruit in a forest 
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environment which triggered cerebral expansion in primates. This suggests that the 

benefits of feeding on irregular and ephemeral resources must be considerable enough 

to account for a larger and more expensive brain size (Milton, 1981a).  

 

4.1.2 Temporal Structure in Foraging 

Sophisticated cognitive competences are required for efficient search within a 

forest environment, including LTM to remember which locations are never profitable, 

WM to avoid revisiting recently depleted locations, and an understanding of ephemeral 

availability to detect fruiting patterns of different tree species, which taps prospective 

memory. Primates that rely largely on fruits, therefore must know where to find fruit 

and when. Chimpanzees in particular have been observed to inspect trees of species 

which are most likely to yield fruit (Janmaat et al. 2013a), appear to use long-term 

memory of ‘what-where’ information to guide search (Janmaat, Ban & Boesch, 2013b), 

and also take into account the amount of fruit they expect to find (Ban et al. 2014). 

Janmaat and colleagues (Janmaat et al. 2012; 2013a; Ban et al. 2014) have suggested 

that frugivorous primates use synchronicity information, described as the ‘simultaneous 

production of fruit in tree individuals of the same species within clustered time periods’ 

(Janmaat et al. 2013a, p853). Their findings suggested that mangabey monkeys and 

chimpanzees use this information during foraging, and visit more trees that are in 

fruiting season than tree species that did not bear any fruit. Janmaat et al. (2012; 2013a) 

analysed the number of occasions inspections were made to an individual tree of a 

highly synchronous species but where there were no fruits available, resulting in the 

likelihood of these species using other environmental cues, such as visual or olfactory 

cues, as a guide being very low, and provided further support that primates appeared to 

be using the synchronicity of species to direct their search.  

 

4.1.3 Mental Representations or Associative Learning? 

How non-human primates know where to forage is unclear and difficult to 

assess within natural foraging environments. It is possible that they acquire mental 

representations of their environment during foraging in the form of cognitive maps. 

Tolman (1948) proposed that cognitive maps may be used to represent relationships 

between stimuli in the environment and to signify the different routes an individual 

could take. Field observations by Normand & Boesch (2009) saw chimpanzees locating 

specific trees even when travelling from different directions and taking different paths, 
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suggesting that chimpanzees use sophisticated and flexible mental representations of 

their environment. Despite the difficulties of assessing mental representations in 

primates, particularly in natural foraging situations, primate researchers agree that it is 

likely that primates do mentally represent their environment in one way or another (see 

Zuberbühler & Janmaat, 2010; Janmaat et al. 2006; 2012; 2013a; Ban et al. 2014).  

Menzel (1991) found that when Japanese macaques were presented with the fruit 

of a vine species, they were more likely to inspect other vines of the same species than 

alternative food sources. Whilst this may be indicative of an ability to detect 

information concerning ephemeral availability and synchronicity, this propensity to 

search items of the same species, may be an associative strategy which uses visual cues 

to guide search. A number of studies have suggested that visual cues do not play a large 

role in primate foraging (Dominy, Garber, Bicca-Marques & Azevedo-Lopes, 2003; 

Sumner & Mollon, 2000), though search strategies which rely on temporal information 

or visual cues do not necessarily require the acquisition of spatial information for 

specific trees. Associative learning theory would suggest that in a foraging situation, 

individuals will attend to salient visual and olfactory cues over the exact spatial location 

of specific trees, which is equally predictive of reward location yet less salient. 

Overshadowing therefore occurs when an individual does not learn to attend to 

secondary, less salient cues (Mackintosh, 1971; 1976). This effect of overshadowing 

has been demonstrated in rats (Mackintosh, 1971; 1976; Kosaki, Austen & McGregor, 

2013), pigeons (Spetch, 1995), and humans (Prados, 2011; Vadillo, Bárcena & Matute, 

2006), and has been observed with humans in a virtual Morris water task (Chamizo, 

Aznar-Casanova & Artigas, 2003). However, the effect of overshadowing found by 

previous studies has been during the search for a single target. To our knowledge, this 

has not been tested within a foraging situation where multiple targets must be found.  

This set of experiments aimed to assess human ability to detect and predict 

ephemeral availability within an evolutionarily-relevant task modelled upon real 

foraging situations. Within natural foraging environments, visual and olfactory cues 

cannot be separated from the spatial locations of individual trees. However, VR allowed 

the manipulation of these cues to assess the extent to which visual and spatial 

information contributes to successful foraging. Considering theories of sex differences 

in spatial memory, male and female performance was also compared in this foraging 

task. 
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4.2 Experiment 5 

During foraging, individuals must be efficient to avoid over-expending energy. 

Foraging efficiency can be decomposed into a number of cognitive competences which 

include LTM to avoid locations that never yield fruit, WM to remember which locations 

have recently been visited and depleted during a foraging bout, and an ability to detect 

fruiting patterns to direct searches to trees that are most likely to be profitable. 

Experiment 1 solely manipulated the temporal availability of rewards, and presented 

either a predictable or unpredictable pattern across trials. This experiment assessed 

efficiency in a VR foraging task, whilst presenting a temporal pattern of food 

availability across trials, to assess whether humans spontaneously detect and use this 

information to direct searches to locations yielding virtual fruit rewards. 

 

4.2.1 Methods 

Participants. Twenty participants (10 female and 10 male), aged between 18-39 

years (M = 23.15, SD = 5.03 years), were recruited among students and staff from the 

university. They received course credit or were paid a small fee for their time.  

 

VR Apparatus and Environment. Participants were tested in a VR psychology 

lab at the university. Vizard 4.0 software was used to present the virtual environment, 

which participants viewed via Nvidia 3D glasses. A handheld wand with a thumb 

operated joystick was used to navigate and produce responses by pressing a trigger with 

the forefinger, which was analogous to chimpanzees checking for the presence of fruit. 

Janmaat et al. (2013a) assessed the number of occasions chimpanzees checked trees by 

raising their head and looking up into the canopy for fruit. In a similar manner, the 

rewards to be found in this task could not be found unless a location was checked by 

using the wand to select it. 

The virtual environment was the same textured hall with landmarks as described 

within Chapters 2 and 3. This included two doors, two sofas, a bookcase, and three 

paintings, whilst the locations to be searched were white poles surmounted by a 

coloured sphere (see Figure 4.1). Bearing in mind estimates of home range sizes with 

minimum estimates being 50 trees (Zuberbühler & Janmaat, 2010), and task constraints, 

an array of 36 locations was used. Six colours represented different tree species, with 

six poles of each colour arranged as a 6 x 6 matrix. In this way, the matrix included six 
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spheres of blue, white, green, purple, red, and orange poles. The poles were arranged 

with one of each colour within each row and column of the matrix.  

 

 

Figure 4. 1 The virtual room with landmarks and the pole array. 

 

Design and Procedure. Each trial in this task represented a foraging bout, and 

within each trial 12 locations yielded a reward of a virtual apple, thus in any given trial 

two ‘tree species’, or colours, were rewarded. Once a pole was selected, the message 

‘Pole Selected’ appeared, and if a virtual apple reward was hidden at that location, a 

picture of the apple found was also shown. Participants were informed that they could 

only ‘take’ the apple once from a rewarded location, and any other selections to that 

pole would only show the message ‘Pole Selected’. 

Participants were alternately assigned to one of two conditions; predictable or 

unpredictable. The conditions manipulated the predictability of reward availability, 

which represented the synchronicity of fruiting trees across trials. In the predictable 

condition, poles were rewarded according to a double alternation, with two species 

(purple and green, PG) yielding apples for two trials, followed by two other species 

(blue and white, BW) yielding apples for the subsequent two trials. This pattern was 

repeated across all trials. In the unpredictable condition, the same pairs of colours were 
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rewarded together, however, which species would be rewarded could not be predicted at 

the outset of a trial. The order in which each pair of colours was rewarded changed 

pseudo-randomly across trials, with no more than 5 trials in a row yielding rewards in 

the same locations. In both conditions, red and orange poles remained unrewarded. In 

this way, the sole manipulation was the temporal pattern of food availability across 

trials, which is where a difference between the two conditions was expected. There were 

also two patterns that all participants could detect; i) if a pole of one species was 

rewarded, then all poles of that species will also be rewarded, and ii) if a pole of one 

species was rewarded, then there will be another species that will be simultaneously 

rewarded. 

Participants were instructed to navigate through the VR environment and search 

for fruit by checking the poles. They were told that each trial would terminate once all 

apples had been found, but were not informed of the number of apples hidden. In total, 

they completed 40 trials and were given a short break of 10 minutes when required.  

 

Measures. An overall measure of foraging efficiency calculated the mean 

number of selections until all apples were found, with an optimum number of 12 

selections. To assess LTM, the mean number of visits in each trial to locations that 

never yielded a reward was calculated. The number of revisits to poles previously 

selected within a trial was also calculated to measure WM ability. To assess the extent 

to which participants predicted the availability and location of fruit on the basis of its 

cyclical nature, the proportion of correct first choices made was calculated. Using the 

first selection made in each trial, a score of 1 was given to trials where a rewarded pole 

was chosen first, whilst a score of 0 was given to selections of an unrewarded pole, 

which included poles that were rewarded in other trials and also poles that never yielded 

a reward. 

 

4.2.2 Results 

Overall Foraging Efficiency, Long Term Memory, and Working Memory. 

Participants in both the predictable (M = 15.07, SD = 1.84) and the unpredictable group 

(M = 15.70, SD = 2.10) made a similar number of selections until the completion of a 

trial, made few visits to locations which never yielded a reward (predictable, M = 1.06, 

SD = .68; unpredictable, M = 1.24, SD = .85), and made few revisits to locations 

previously searched within a trial (predictable: M = .99, SD = .30; unpredictable: M = 
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1.22, SD = .27). As shown in Figure 4.2, participants in both conditions became more 

efficient at searching the array. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 2 The foraging efficiency measures shown across each block (±1 SE bars) for 

the predictable and unpredictable conditions; a) mean selections made until the 

completion of a trial; b) mean never rewarded poles selected; c) mean revisits. 
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Three 8 (Blocks) x 2 (Condition) x 2 (Sex) ANOVAS were carried out, which 

showed a significant effect of Blocks for the mean number of selections, F (2.43, 38.83) 

= 24.59, p < .001, mean number of never rewarded poles selected, F (1.42, 22.75) = 

31.03, p < .001, and the mean number of revisits, F (2.81, 44.98) = 5.87, p < .01. Paired 

samples t-tests indicated a significant decrease in the mean number of selections from 

block 1 (M = 26.12, SD = 9.16) to block 2 (M = 16.12, SD = 3.75), t (19) = 5.33, p < 

.001, which was also found for the mean number of never rewarded poles selected 

(block 1, M = 6.11, SD = 4.31; block 2, M = 1.50, SD = 1.64), t (19) = 5.42, p < .001. 

Post-hoc comparisons showed no significant differences between the blocks for the 

number of revisits, p > .05. For all measures, there was no significant main effect of 

Condition, minimum F (1, 16) = .46, p = .508, Sex, minimum F (1, 16) = .29, p = .598, 

nor any significant interactions, minimum F (2.81, 44.98) = 1.54, p = .220.  

 

Detection of the Temporal Pattern. The proportion of correct first choices 

made by participants in the predictable condition was 0.73 (SD = .15), whilst those in 

the unpredictable condition had a mean proportion correct of 0.42 (SD = .07), indicating 

that those in the predictable group were directing their searches to correct locations 

more often than those in the unpredictable group (Figure 4.3). 
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Figure 4. 3 The proportion of correct first choices made across blocks of five trials (±1 

SE bars), for the predictable and unpredictable conditions. 

 

An 8 (Blocks) x 2 (Condition) x 2 (Sex) ANOVA was run, which showed a 

significant effect of Blocks, F (7, 112) = 6.02, p < .001, and a main effect of Condition, 

F (1, 16) = 31.04, p < .001. Independent samples t-tests indicated that when the 

temporal pattern could be predicted, participants made significantly more correct first 

choices in blocks 2, 3, 4, 6, 7 and 8, than those in the unpredictable condition, minimum 

t (18) = 2.95, p < .01. There was no significant effect of Sex, F (1, 16) = .30, p = .591, 

nor any interactions, minimum F (7, 112) = 1.88, p = .080.  

A one-sample t-test, set at .5 under the assumption that participants had learned 

which locations yielded rewards and thus had a .5 chance at selecting only the rewarded 

poles, confirmed that by the last block, participants in the predictable condition (M = 

.84, SD = .16) were significantly more likely to direct their search to a rewarded 

location than chance level, t (9) = 6.82, p < .001, and that those in the unpredictable 

condition did not perform significantly above chance. 
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4.2.3 Discussion 

Humans show a proficiency for efficient foraging, and showed a strong tendency 

to efficiently and spontaneously detect and use temporal patterns of food availability. 

Participants in the predictable condition made significantly more correct first choices 

than chance level, indicating that humans can anticipate which locations will be 

rewarded across trials and use this information to direct their search. Participants in both 

conditions efficiently learned which locations were rewarded, and quickly learned to 

avoid locations that never yielded a reward. Participants were also efficient at avoiding 

revisits from the outset of trials, highlighting efficient LTM and WM ability. These 

findings are suggestive of adaptive traits to minimise costs expended during foraging. 

However, no differences were found when comparing male and female performance, 

suggesting that in a task requiring the efficient detection and use of structured temporal 

information, males and females perform similarly. 

 

4.3 Experiment 6 

To further assess ability to benefit from temporal structure, Experiment 6 

increased the complexity of the task. Within a natural environment, tree species differ in 

abundancy (Hubbell, 1979), and different species follow different fruiting patterns 

(Chapman, Wrangham, Chapman, Kennard & Zanne, 1999; Anderson, Nordheim, 

Moermond, Gone Bi & Boesch, 2005). The fruiting patterns of tree species can be 

complex and can difficult to detect by those without a proficiency to do so, therefore the 

current experiment introduced two concurrent temporal patterns. 

 

4.3.1 Methods 

Participants. A new sample of 26 participants (14 females and 12 males), with 

an age range of 18-35 years (M = 22.46, SD = 5.26), took part for course credit.  

 

VR Environment. The virtual reality software, equipment and virtual 

environment were the same as those described for Experiment 5. A set of 36 poles 

representing trees were surmounted by coloured spheres representing different species, 

which determined the locations of the rewards to be found. Poles were arranged as a 6 x 

6 matrix, with eight poles surmounted by blue spheres, eight with green spheres, six 

with purple spheres, six with white spheres, and four each with red and orange spheres. 

The number of poles of a given colour were altered from those used in Experiment 5, as 



86 
 

in naturalistic forest environments, tree species differ in abundancy (Hubbell, 1979) and 

therefore species that follow different fruiting patterns are likely to be found in varying 

numbers.  

 

Design and Procedure. Within each trial 12 poles yielded a virtual apple when 

checked, thus in any given trial two ‘tree species’, or colours, were rewarded. 

Participants were given the same instructions to check poles for the presence of apples, 

and the task followed the same procedure as described for Experiment 5 with 

participants completing 40 trials.  

Participants were assigned alternately to one of two conditions; predictable or 

partially predictable. A completely unpredictable condition would be uninformative 

here, as a statistically significant difference could occur if participants in the predictable 

condition detect and monitor only one temporal pattern, regardless of the second. The 

predictable condition featured two concurrent patterns that could be learned across 

trials. The first pattern was a double alternation (DA) between poles of two colours 

(blue and green poles). Blue poles were rewarded in two consecutive trials. Then, green 

poles were rewarded in two consecutive trials. Simultaneously, a second pattern 

featured a single alternation (SA) in the availability of fruit at poles of another two 

colours (red and orange poles). This created a complex pattern of switches between the 

availability of fruit at poles of different colours across trials. In this way, blue and red 

poles were rewarded for the first trial, followed by an SA-switch which resulted in blue 

and orange poles yielding fruit in a second trial. In a third trial, both a DA- and SA-

switch took place, which resulted in fruit at green and red poles, followed by a further 

SA-switch in the fourth trial with green and orange poles yielding fruit. This pattern was 

repeated across the trials. The partially predictable condition preserved the predictable 

SA, whilst ensuring the DA could not be learned. This condition prevented participants 

from predicting whether poles of blue or green would yield fruit at the outset of a given 

trial, by pseudo-randomising the order in which each species yielded apples. In both 

conditions, poles of purple and white never yielded rewards.  

 

Measures. The same measures as described for Experiment 5 were calculated; 

the mean number of selections, locations that were never rewarded, and revisits. As 

participants in both conditions experienced at least one predictable temporal pattern, it 

was possible for all participants to direct their searches to rewarded locations at the 
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outset of all trials, once the pattern had been learned. The first choice measure therefore 

was divided into the number of correct first choices made to red and orange poles to 

assess ability to detect the SA, and the number of correct first choices made to blue and 

green poles to assess detection of the DA. Examining the first selections of each trial, a 

score of 1 was assigned if a participant visited a rewarded pole in the SA or the DA, 

instead of or before an unrewarded pole in either pattern, or a never rewarded pole. A 

score of 0 was given if an unrewarded pole of either pattern, or a never rewarded pole, 

was visited before a rewarded pole of these two patterns. For example, in a trial where 

red and green locations were rewarded, if a participant selected poles in the order B-R-

G-G-R-G-R-G-R-G-G-G-G, a score of 0 would be assigned for the DA as blue was 

selected before green, whilst a score of 1 would be given for the SA as the rewarded red 

was selected instead of an unrewarded orange pole. 

 

4.3.2 Results 

Overall Foraging Efficiency, Long Term Memory, and Working Memory. 

Participants showed an improvement in foraging efficiency across the trials. Overall, 

participants in the predictable condition (M = 16.07, SD = 2.06) made a similar number 

of selections until a trial was completed as those in the partially predictable condition 

(M = 17.51, SD = 3.88). All participants made few visits to never rewarded locations 

(predictable: M = 1.16, SD = .91; partially predictable: M = 1.66, SD = 1.43), and few 

revisits (predictable: M = 1.15, SD = .82; partially predictable: M = 1.78, SD = 1.96). 

This can be seen in Figure 4.4. 
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Figure 4. 4 The foraging efficiency measures shown across blocks of five trials (±1 SE 

bars) for the predictable and partially predictable conditions; a) mean selections 

made until the completion of a trial; b) mean never rewarded poles selected; c) 

mean revisits. 
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Three 8 (Blocks) x 2 (Condition) x 2 (Sex) ANOVAS were carried out. A 

significant effect of Blocks was found for the number of selections, F (1.75, 38.38) = 

30.15, p < .001, number of never rewarded poles selected, F (1.29, 28.43) = 38.10, p < 

.001, and number of revisits, F (1.69, 37.07) = 9.18, p < .01. Paired samples t-tests 

indicated a significant decrease in the number of selections from block 1 (M = 28.14, 

SD = 11.50) to block 2 (M = 18.83, SD = 6.58), t (25) = 7.62, p < .001, which was also 

found for the number of visits to never rewarded locations (block 1, M = 6.19, SD = 

4.56; block 2, M = 2.78, SD = 2.99), t (25) = 3.84, p < .01, and for the number of 

revisits (block 1, M = 5.51, SD = 6.88; block 2, M = 1.18, SD = 2.04), t (25) = 3.92, p < 

.01. For the number of selections, significant interactions were found between 

Condition x Sex, F (1, 22) = 4.54, p < .05, and Blocks x Condition x Sex, F (1.75, 

38.38) = 3.89, p < .05. Post-hoc t-test comparisons indicated that within the partially 

predictable condition, females in block 1 (M = 36.33, SD = 13.94) made significantly 

more selections than males (M = 22.53, SD = 5.31), t (12) = 2.28, p < .05, which was 

also found in block 2, (females, M = 22.75, SD = 8.51; males, M = 15.27, SD = 1.87), t 

(7.89) = 2.41, p < .05. All other pairwise comparisons were non-significant, p > .05. For 

the number of never rewarded locations selected, a marginally significant interaction of 

Blocks x Condition x Sex was found, F (1.29, 28.43) = 3.77, p = .053, however there 

was no significant interaction of Condition x Sex, F (1, 22) = 3.10, p = .092. The 

measure assessing the number of revisits showed no interaction of Blocks x Condition x 

Sex, F (1.69, 37.07) = 2.68, p = .090. There was a significant interaction of Condition x 

Sex, F (1, 22) = 4.78, p < .05. Post-hoc independent samples t-tests however were not 

statistically significant, and indicated that in the partially predictable condition, females 

(M = 2.56, SD = 2.27) showed a tendency to make more revisits than males (M = .74, 

SD = .69), t (8.67) = 2.13, p = .063. In the predictable condition, there was no 

significant difference (female, M = .83, SD = .60; male, M = 1.48, SD = .93), t (10) = -

1.44, p = .180. For all measures, there was no main effect of Condition, minimum F (1, 

22) = .78, p = .387, Sex, minimum F (1, 22) = 1.34, p = .260, nor a significant 

interaction of Blocks x Condition, minimum F (1.69, 37.07) = .98, p = .373. 

 

Detection of Temporal Patterns. 

Single Alternation. The proportion of correct first choices of the SA made by 

participants in the predictable condition was .64 (SD = .10), and .62 (SD = .14) for those 

in the partially predictable condition (see Figure 4.5).   
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Figure 4. 5 The proportion of correct first choices to poles in the single alternation for 

the predictable and partially predictable conditions, across blocks of five trials, 

with ±1 SE bars. 

 

An 8 (Blocks) x 2 (Condition) x 2 (Sex) repeated measures ANOVA was carried 

out which revealed a significant effect of Blocks, F (7, 154) = 6.62, p < .001, and a 

significant interaction of Blocks x Condition, F (7, 154) = 2.90, p < .01. Independent 

samples t-tests were carried out to analyse the interaction, revealing that in block 4, 

participants in the partially predictable (M = .70, SD = .23) group made significantly 

more correct first choices than those in the predictable (M = .47, SD = .18) group, t (24) 

= -2.84, p < .01. There was no significant effect of Condition, F (1, 22) = .07, p = .789, 

Sex, F (1, 22) = 1.95, p = .177, nor any further interactions, minimum F (7, 154) = 1.28, 

p = .264.  

To assess whether participants were making more correct first choices overall 

than chance level, a one-sample t-test was run with the level set at .5 under the 

assumption participants had learned the pairs of rewarded colours. Participants in both 
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the predictable and partially predictable conditions performed significantly better than 

chance level, t (11) = 4.74, p < .01, and t (13) = 3.34, p < .01 respectively. 

 

Double Alternation. Overall, participants in the predictable condition (M = .59, 

SD = .09) made more correct first choices than those in the partially predictable 

condition (M = .49, SD = .08). The means are shown in Figure 4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 6 The proportion of correct first choices to poles in the double alternation, for 

the predictable and partially predictable conditions, across the blocks of trials, 

with ±1 SE bars. 

 

An 8 (Blocks) x 2 (Condition) x 2 (Sex) ANOVA was carried out which showed 

a significant main effect of Blocks, F (7, 154) = 2.56, p < .05, and a significant effect of 

Condition, F (1, 22) = 8.64, p < .01. An independent samples t-test indicated that 

participants in the predictable group made significantly more correct first choices than 

those in the partially predictable condition, t (24) = 2.83, p < .01. A significant 

interaction of Blocks x Condition was also found, F (7, 154) = 2.18, p < .05, with 

independent samples t-tests indicating that towards the end of the experiment in blocks 

5, 7 and 8, those in the predictable condition made significantly more correct first 
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choices than those in the partially predictable condition, minimum t (24) = 2.58, p < .05. 

There was no significant effect of Sex, F (1, 22) = .00, p = .987, nor any further 

interactions, minimum F (1, 22) = 2.28, p = .146. 

One sample t-tests comparing the performance overall with chance level (.5) 

confirmed that the performance of participants in the predictable condition was above 

chance level, t (11) = 3.29, p < .01, whilst participants in the partially predictable 

condition did not perform significantly differently than chance. 

 

4.3.3 Discussion 

Participants spontaneously detected the two available temporal patterns and used 

this information to direct their searches to rewarded locations. In both conditions, 

participants were efficient in detecting the predictable SA pattern. The efficiency of this 

ability is shown in the results of the partially predictable condition, where this was 

detected despite the presence of a distracting unpredictable temporal pattern. In fact, 

during the first half of the experiment, the proportion of correct first choices appeared to 

be higher in the partially predictable group. By the second half, participants in the 

predictable condition showed a tendency to make more correct first choices than those 

in the partially predictable group. In accordance with the findings of Experiment 5, 

participants in both conditions quickly became efficient foragers, showed an 

improvement in WM performance across the trials by the avoidance of poles already 

selected within a trial, and showed efficient LTM performance by avoiding locations 

that never yielded a reward across all trials.  

Considering sex differences, males were found to outperform females in the 

number of selections made at the outset of the trials, whilst this was marginally 

significant for the measure of WM. There were no significant interactions with sex for 

the measure of LTM and the two measures of first choice, suggesting that all 

participants were efficient at learning which locations should be avoided, and that an 

ability to detect temporal structure within a foraging environment does not appear to be 

sex-specific. 

Overall, simultaneous and complex temporal patterns of fruit availability occur 

in naturalistic foraging environments, and these findings suggest that this is an 

evolutionarily-relevant task which accurately assesses foraging competences. This task 

provides a basis with which to assess the acquisition of spatial information during 

foraging. 
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4.4 Experiment 7 

It remains unclear whether humans relied on the visual cue of colour to guide 

search to rewarded locations in this task or whether spatial information was acquired 

during foraging. Experiment 7 aimed to manipulate the visual cues provided to assess 

the acquisition of spatial knowledge when competing visual cues were present, and to 

determine whether salient visual cues overshadow learning of spatial information.  

 

4.4.1 Methods 

Participants. The sample consisted of 26 participants (15 females and 11 

males), with an age range of 18-36 years (M = 20.46, SD = 3.83). Participants took part 

for course credit. 

 

Design and Procedure. The virtual reality software, equipment and virtual 

environment were the same as those described for Experiment 5. The same 6 x 6 matrix 

and array of colours as presented in Experiment 5 was employed here, with 12 rewards 

hidden in each trial. The temporal pattern of rewards followed the same pattern of a 

PG/BW double alternation with only the predictable temporal pattern presented.  

The sole manipulation was the visual cues the participants were presented with, 

which was manipulated in two conditions; cue-removed and single-cue. To assess 

whether spatial information was acquired or whether overshadowing occurs during 

foraging, the conditions followed a typical overshadowing paradigm. Participants in the 

cue-removed condition were trained with both visual and spatial cues available, as in 

Experiment 5, before the visual cue of colour was removed from the array and 

participants completed test trials where the poles turned white and only spatial cues 

remained available. In this condition, visual and spatial cues were equally predictive of 

reward location, until only white poles remained and thus only spatial cues could be 

used to identify the rewarded poles. The single-cue condition required participants to 

search using only spatial cues from the outset of the experiment, and all poles within the 

matrix were white. Within this condition, the test trials remained the same as the 

training trials. The predictable temporal pattern of reward availability remained the 

same across both conditions and across all trials.  

Participants in the cue-removed condition were not told that the visual cues 

would be removed, and both conditions were given the same instructions. Participants 
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were asked to search for the hidden apples, and each participant completed 30 training 

trials and 10 test trials, with a 10-minute break after 20 trials or when required. 

 

Measures. To assess foraging efficiency and detection of temporal information, 

the same measures as described in Experiment 5 were calculated; mean number of 

selections, mean number of never rewarded poles visited, mean number of revisits to 

poles previously searched within a trial, and the proportion of correct first choices. It 

was anticipated that without visual cues, participants would require more trials to learn 

the rewarded locations. Participants may acquire spatial information of rewarded 

locations, and direct their searches there initially, but this may be missed if errors are 

made and only the number of selections are considered. Therefore, two additional 

measures were calculated to assess where participants directed their searches regardless 

of the number of selections made. As there were 12 foods within each trial, the first 12 

visits to poles in each trial were analysed. Within these 12 choices, the proportion of 

correct selections made and the proportion of never rewarded locations selected was 

calculated, with the optimum values for each measure being 1 and 0 respectively. 

 

4.4.2 Results 

Overall Foraging Efficiency, Long Term Memory, and Working Memory. 

Across the training trials, participants in the cue-removed condition made fewer 

selections (M = 17.20, SD = 3.79), checks to never rewarded poles (M = 2.06, SD = 

1.49), and revisits (M = .85, SD = .91) than those in the single-cue condition (M = 

26.82, SD = 4.80; M = 6.74, SD = 2.27; and M = 1.38, SD = .95 respectively). Across 

the test trials where the visual cue of colour was removed for those in the cue-removed 

group, errors by participants in this group showed a marked increase, as participants 

made more selections (M = 24.96, SD = 6.18), checks to never rewarded poles (M = 

5.53, SD = 2.82), and revisits (M = 2.54, SD = 2.68) than those in the single-cue 

condition (M = 19.35, SD = 8.85; M = 2.94, SD = 3.63; and M = 1.36, SD = 2.61 

respectively). This is shown below in Figure 4.7. 
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Figure 4. 7 The foraging efficiency measures shown across the blocks (±1 SE bars) for 

the training and test trials, for both the cue-removed and single-cue conditions; 

a) mean selections until completion of a trial, b) mean never rewarded poles 

selected, and c) mean revisits. 
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Training Trials. Three 6 (Blocks) x 2 (Condition) x 2 (Sex) ANOVAS 

analysing the training trials were carried out. A significant effect of Blocks was found 

for the number of selections, F (2.18, 47.85) = 36.19, p < .001, number of never 

rewarded poles selected, F (2.18, 47.46) = 41.77, p < .001, and the number of revisits, F 

(2.58, 56.82) = 5.59, p < .01. A significant effect of Condition was also found for the 

number of selections, F (1, 22) = 26.60, p < .001, and never rewarded poles selected, F 

(1, 22) = 32.76, p < .001, with independent samples t-tests indicating that those in the 

single-cue condition made significantly more selections and visits to never rewarded 

locations than those in the cue-removed group, t (24) = 5.71, p < .001, and t (24) = 6.30, 

p < .001 respectively. There was no main effect of Condition for the number of revisits, 

F (1, 22) = 1.52, p = .231, suggesting that all participants made few WM errors. For all 

measures, there was no significant effect of Sex, minimum F (1, 22) = .81, p = .378, nor 

any interactions between the factors, minimum F (2.16, 47.46) = 2.54, p = .085. 

 

Test Trials. To assess whether performance was significantly impaired once the 

visual cues were removed, three 2 (Blocks) x 2 (Condition) x 2 (Sex) ANOVAS for 

each measure were run, comparing the last block of training trials and the first block of 

test trials. A significant effect of Blocks was found for the number of selections, F (1, 

22) = 37.92, p < .001, number of never rewarded poles selected, F (1, 22) = 39.03, p < 

.001, and the number of revisits, F (1, 22) = 8.56, p < .01. Significant interactions of 

Blocks x Condition were also found for the number of selections, F (1, 22) = 21.65, p < 

001, and the number of never rewarded poles visited, F (1, 22) = 24.30, p < .001, but 

was not significant for revisits, F (1, 22) = 1.17, p = .290. Paired samples t-tests 

confirmed that within the cue-removed group, the number of selections and visits to 

never rewarded locations significantly increased from the last block of training trials to 

the first block of test trials, t (13) = -7.04, p < .001, and t (13) = -7.26, p < .001 

respectively. This was not significantly different for the single-cue group, minimum t 

(11) = -1.62, p = .133. For all three measures, there were no significant effects of Sex, 

minimum F (1, 22) = 3.49, p = .075, nor any further interactions, minimum F (1, 22) = 

2.62, p = .120. 

Across the test trials, two 2 (Blocks) x 2 (Condition) x 2 (Sex) ANOVAS were 

carried out. A significant effect of Blocks was found for the number of selections, F (1, 

22) = 4.85, p < .05, and the number of never rewarded poles checked, F (1, 22) = 5.15, 

p < .05, A significant effect of Condition was also found for the number of selections, F 
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(1, 22) = 4.78, p < .05, and the number of never rewarded poles visited, F (1, 22) = 5.16, 

p < .05. For the number of revisits, there was no effect of Blocks, F (1, 22) = 1.09, p = 

.307, nor Condition, F (1, 22) = 1.80, p = .194. For all measures, there was a significant 

interaction of Blocks x Sex (selections, F (1, 22) = 5.85, p < .05; never rewarded, F (1, 

22) = 4.69, p < .05; revisits, F (1, 22) = 4.93, p < .05). Comparing the first and second 

blocks of test trials, paired-samples t-tests indicated that in the first block of test trials, 

females made significantly more selections (M = 25.77, SD = 9.44 and M = 21.12, SD = 

7.65, t (14) = 3.62, p < .01), visits to never rewarded locations (M = 5.59, SD = 3.97 and 

M = 3.76, SD = 3.34, t (14) = 3.42, p < .01), and revisits (M = 3.35, SD = 4.06 and M = 

1.24, SD = 2.13, t (14) = 2.84, p < .05). There were no significant differences in male 

performance across the blocks for all three measures, minimum t (10) = -.91, p = .383. 

There were also no significant effects of Sex, minimum F (1, 22) = 1.66, p = .211, nor 

any further interactions between the three factors, minimum F (1, 22) = .659, p = .426. 

 

Detection of the Temporal Pattern. Overall in the training trials, the mean 

number of correct first choices made by participants in the cue-removed group was .62 

(SD = .12) and .56 (SD = .16) by those in the single-cue group. Across the test trials, the 

proportion of correct choices was similar for those in the cue-removed group (M = .74, 

SD = .21) and those in the single-cue group (M = .76, SD = .18). 

 

Training Trials. A 6 (Blocks) x 2 (Condition) x 2 (Sex) ANOVA was carried 

out. A significant effect of Blocks was found, F (5, 110) = 13.64, p < .001, with a 

further t-test confirming that participants overall improved and made significantly more 

correct first choices in the last block of training trials (M = .74, SD = .26) compared to 

the first block (M = .41, SD = .14), t (25) = -5.97, p < .001. There was no significant 

effect of Condition, F (1, 22) = 1.33, p = .260, Sex, F (1, 22) = .19, p = .670, nor any 

significant interactions between the three factors, minimum F (5, 110) = 1.27, p = .283.  

One sample t-tests comparing the overall proportion of correct first choices with 

.5 (chance level), showed that those in the cue-removed group made significantly more 

correct first choices than chance level, t (13) = 3.86, p < .01. Across the training trials, 

participants in the single-cue group did not make significantly more correct first choices 

than chance would predict.  
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Test Trials. Comparing the last block of training trials with the first block of test 

trials across the two groups, a 2 (Blocks) x 2 (Condition) x 2 (Sex) ANOVA was run 

which revealed no significant effects nor interactions, minimum F (1, 22) = 1.83, p = 

.190, suggesting that when visual cues were removed, a proficiency to direct the first 

choice to a rewarded location persisted. 

Across the two blocks of test trials, the results of a 2 (Blocks) x 2 (Condition) x 

2 (Sex) ANOVA also found no significant effects nor interactions, minimum F (1, 22) = 

.81, p = .378, and confirmed that the cue-removed and the single-cue groups did not 

perform differently in terms of the proportion of correct first choices made across the 

trials.  

One-sample t-tests further revealed that across the test trials, both those in the 

cue-removed group and those in the single-cue group made significantly more correct 

first choices than chance level (.5), t (13) = 4.13, p < .01, and t (11) = 5.06, p < .001 

respectively. 

 

Acquisition of Spatial Information. Analysing the first 12 selections made by 

participants in each training trial, participants in the cue-removed group showed a 

higher proportion of correct selections (M = .79, SD = .10) and a lower proportion of 

visits to never rewarded poles (M = .08, SD = .04) than those in the single-cue group (M 

= .55, SD = .14; and M = .17, SD = .05 respectively). In the test trials when visual cues 

were removed, the number of correct selections made in the first 12 choices of a trial 

notably decreased for participants in the cue-removed group (M = .60, SD = .15) and the 

number of visits to never rewarded locations increased (M = .15, SD = .06), whilst 

performance on these measures continued to improve in the single-cue group (M = .76, 

SD = .25; and M =.07, SD = .07 respectively). This is shown below in Figure 4.8. 
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Figure 4. 8 The proportion of locations selected within the first 12 choices that a) were 

correct selections to poles that yielded a reward, and b) never yielded a reward, 

shown across blocks of five trials (±1 SE bars) for each condition. 
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Training Trials. The results of two 6 (Blocks) x 2 (Condition) x 2 (Sex) 

ANOVAS revealed a significant effect of Blocks for the proportion of correct choices 

made in the first 12 searches, F (2.53, 55.64) = 52.06, p < .001, and for the proportion 

of never rewarded locations selected, F (3.00, 65.88) = 57.45, p < .001. Significant 

effects of Condition were also found, F (1, 22) = 22.65, p < .001, and F (1, 22) = 23.32, 

p < .001 respectively, whereas a Blocks x Condition interaction approached significance 

for both the proportion of correct first choices made at the outset of trials, F (2.53, 

55.64) = 2.67, p = .066, and the proportion of never rewarded poles selected, F (3.00, 

65.88) = 2.54, p = .064. Post-hoc independent samples t-tests indicated that within the 

first 12 selections, those in the cue-removed group made significantly more correct first 

choices, t (24) = 5.22, p < .001, and significantly fewer visits to never rewarded 

locations, t (24) = -5.18, p < .001, than those in the single-cue group. A significant 

interaction of Condition x Sex was also found for the proportion of never rewarded 

locations selected, F (1, 22) = 5.05, p < .05, with post-hoc t-tests indicating that 

amongst female participants, those in the single-cue condition (M = .19, SD = .03) 

selected significantly more poles that never yielded a reward than those in the cue-

removed condition who had both cues available (M = .07, SD = .04), t (13) = 6.21, p < 

.001. Amongst males, there was no significant difference between the two conditions 

(M = .14, SD = .06, and M = .09, SD = .04), t (9) = 1.48, p = .173. For the former 

measure, this interaction was non-significant, F (1, 22) = 1.17, p = .292. For both 

measures, there was no significant effect of Sex, minimum F (1, 22) = .88, p = .359, nor 

any further interactions, minimum F (2.53, 55.64) = .40, p = .723.  

 

Test Trials. To assess whether performance was significantly impaired once 

visual cues were removed in the test trials, two 2 (Blocks) x 2 (Condition) x 2 (Sex) 

ANOVAS compared the last block of training trials and the first block of test trials for 

each measure. A significant effect of Blocks was found for the proportion of correct 

first choices within the first 12 choices, F (1, 22) = 73.65, p < .001, and the proportion 

of never rewarded poles selected, F (1, 22) = 34.39, p < .001. A significant interaction 

of Blocks x Condition was also found for each measure, F (1, 22) = 80.32, p < .001, and 

F (1, 22) = 36.23, p < .001. Paired-samples t-tests indicated that in the first block of test 

trials, those in the cue-removed group had a significantly lower proportion of correct 

choices (M = .57, SD = .14) and higher proportion of visits to never rewarded poles (M 

= .16, SD = .07) compared to the last block of the training trials (proportion correct, M = 
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.96, SD = .04; proportion never rewarded, M = .00, SD = .01), t (13) = 10.80, p < .001, 

and t (13) = -8.18, p < .001 respectively. Performance was not significantly different for 

those in the single-cue group from the training to test trials, minimum t (11) = .46, p = 

.652. 

The results of two 2 (Blocks) x 2 (Condition) x 2 (Sex) ANOVAS indicated that 

for the proportion of correct selections within the first 12 choices, there was a 

significant effect of Blocks, F (1, 22) = 17.62, p < .001, however this was not 

significant for the proportion of never rewarded poles selected, F (1, 22) = 2.36, p = 

.139. For both measures, a significant effect of Condition was also found, F (1, 22) = 

4.53, p < .05, and F (1, 22) = 11.30, p < .01. For the proportion of correct first choices, 

independent samples t-tests did not reveal a statistically significant difference between 

participant performance in the cue-removed and the single-cue groups, t (17.03) = -1.98, 

p = .074. Further t-tests indicated that once the visual cues were removed, those in the 

cue-removed group made a significantly higher proportion of visits to never rewarded 

locations than those in the single-cue condition, t (24) = 3.28, p < .01. For both 

measures, there were no significant effects of Sex, minimum F (1, 22) = .94, p = .343, 

nor any significant interactions between the three factors, minimum F (1, 22) = .72, p = 

.405. 

To assess performance against chance level in the test trials, one-sample t-tests 

were run for each condition. Out of the 36 locations, participants had 12/36 chances 

(0.3) to select a rewarded location. Across the test trials, participants in both the cue-

removed and the single-cue conditions made more correct selections in the first 12 

selections of a trial than chance would predict, t (13) = 7.82, p < .001, and t (11) = 6.34, 

p < .001 respectively. Considering the proportion of never rewarded poles visited, 

participants made significantly fewer visits to never rewarded locations than expected 

by chance in both the cue-removed, t (13) = -8.49, p < .001, and single-cue groups, t 

(11) = -11.40, p < .001. 

 

4.4.3 Discussion 

The findings suggest that humans acquire spatial information during foraging, 

despite an effect of overshadowing. In the training trials, all participants became more 

efficient across the experiment, and made few WM and LTM errors. An ability to detect 

temporal information persisted across the trials despite the manipulation of visual cues. 

When both visual and spatial cues were available to participants however, overall 
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efficiency and LTM performance improved in comparison to when only spatial cues 

were predictive of reward location. Participants who only had spatial cues available 

from the outset took longer to reach the same level of efficiency as those who had both 

cues available. 

Once the visual cues were removed for those who had been trained with both 

cues, performance became impaired. Participants in the cue-removed condition made a 

higher number of selections and visited more never rewarded locations than those in the 

single-cue group, even when looking at the outset of trials to ascertain where 

participants directed their searches initially. This impairment once visual cues were 

removed, provides support for the concept of overshadowing in associative learning 

processes (Mackintosh, 1971; 1976). Further analyses however, indicated that despite 

the removal of visual cues, participants made significantly more correct choices and 

fewer visits to never rewarded locations than chance would predict. This suggests that 

humans acquire spatial knowledge of their foraging environment, even when visual cues 

alone would allow participants to find food efficiently, consistent with the notion that 

mental representations are acquired during search (Tolman, 1948). WM, and an ability 

to detect temporal patterns did not appear to be impaired by the removal of colour cues. 

Overall efficiency in terms of the number of selections made until a trial was completed, 

and LTM, measured by visits to locations that were never profitable, showed the 

greatest impairment when visual cues were no longer available.  

A sex difference was also evident from the findings. Within the training trials, 

females were found at the outset of trials to select a high proportion of locations which 

never yielded a reward. During the first block of the test trials when visual cues were 

removed, female performance was significantly impaired for measures of overall 

foraging efficiency, LTM, and WM, compared to block 2, whilst performance between 

these blocks was not significantly different for male participants. There was no main 

effect of Sex, suggesting that there was no difference in performance between the sexes. 

However, female performance showed an improvement across the two blocks of test 

trials, implying that female performance was initially impaired to a greater degree than 

male performance.  

 

4.5 General Discussion 

In an experimental foraging task derived from naturalistic studies of non-human 

primates foraging, Experiments 5 and 6 indicated that humans displayed a strong 
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tendency to detect and monitor complex temporal patterns of resource availability, and 

used this information to direct subsequent searches to locations that were most likely to 

yield a reward. Experiment 7 afforded the manipulation of visual cues to determine that 

humans acquired spatial information during search, despite an impairment in 

performance when visual cues were removed, showing an effect of overshadowing for 

the first time within a foraging task. These findings are supportive of the notion that 

humans may have evolved high level cognitive skills to efficiently find nutrient-rich, 

ephemeral resources whilst they are available (Milton, 1981a; 1993). 

 

4.5.1 Detection of Structure as an Adaptation 

The findings of Experiment 5 and 6 are in support of theories which suggest that 

humans have a propensity for detecting patterns in stimuli (Mattson, 2014). In search 

tasks, humans have been found to benefit from the spatial structure within environments 

(De Lillo & James, 2012; De Lillo et al. 2013), though the findings here further 

demonstrate that a propensity to benefit from temporal structure is also prevalent in a 

search task. The findings that humans show a proficiency for detecting temporal 

structure and that this information is used to direct future searches, has implications for 

primate cognition. The findings by Janmaat and colleagues (2012; 2013a; 2013b) 

suggest that frugivorous non-human primates are able to detect fruiting information 

during their foraging bouts, and use this information to direct their searches to trees that 

are most likely to be yielding fruit. Our earliest hominin ancestor was thought to have 

exploited a wooded environment (White et al. 2009; Louchart et al. 2009), similar to 

environments chimpanzees inhabit today, thus it is possible that humans evolved and 

retained the cognitive abilities required to forage on ephemeral resources. However, an 

experimental assessment of non-human primate ability to detect temporal structure is 

required to provide further insights into whether frugivorous species have evolved high-

level cognitive skills. 

 

4.5.2 Acquisition of Spatial Information or Overshadowing? 

The acquisition of spatial information may not be required for efficient foraging, 

as individuals can exploit the synchronicity of fruiting trees to learn which tree species 

will fruit and when (Janmaat et al. 2012; Janmaat et al. 2013a; 2013b), and can use the 

visual cues within the environment to direct search, both of which are cognitively less 

demanding. Whilst it is impossible to control and manipulate the cues available to 
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foraging primates in natural environments, the VR environment afforded this. The 

finding that spatial information was acquired during foraging suggests that humans, and 

perhaps other primates, build spatial representations in the form of a mental map 

(Tolman, 1948; Normand & Boesch, 2009), however, an experimental assessment of 

non-human primates within this task is necessary to determine the extent to which 

primates acquire spatial information. Whether spatial information was learned 

implicitly, or whether participants used the spatial information during training trials to 

direct searches cannot be concluded here, though verbal comments at the time of testing 

of the difficulty of this task and of their reliance on the visual cues, suggests that this 

knowledge may have been implicitly acquired. Whilst VR allowed the removal of visual 

information, to fully consider the associative learning principles of blocking and 

overshadowing, the removal of spatial information was not deemed possible. Spatial 

structure is fundamental to a navigational space, and in any given foraging situation, it 

is impossible to dissociate spatial information from an efficient search. For an efficient 

search, spatial information will always be necessary to determine which locations have 

already been visited, and therefore cannot be separated. 

However, as performance decreased when colour cues were removed, findings 

suggest that visual cues also play an important role in foraging. In accordance with 

associative learning theory, the spatial cues available in this task appeared to be less 

salient than the cue of colour, despite both cues being equally predictive of reward 

location. An overshadowing effect (Mackintosh, 1971; 1976) was observed here, 

resulting in poorer learning of the spatial cues when visual cues were present. To our 

knowledge, this is this first time that an effect of overshadowing has been demonstrated 

within a foraging situation requiring the search for multiple items within a search array.  

 

4.5.3 Sex Differences in Foraging 

The findings of Experiment 5 suggest that both males and females were similar 

in their overall foraging efficiency, LTM, WM, and ability to detect temporal patterns 

of reward availability. In this task, evolutionary theories would predict that both males 

and females would forage efficiently in a small search space requiring both navigational 

skills which often show a male advantage (Silverman & Eals, 1992; Lawton, 1994; 

Moffat et al. 1998) and an ability to learn when food items will be available and where 

they will be found, which often shows a female superiority (Silverman & Eals, 1992; 

Silverman et al. 2007; Levy et al. 2005). In contrast to this, when two concurrent 
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patterns were available, females in the partially predictable condition made significantly 

more selections than males at the outset of trials, suggesting that females initially took 

longer to complete a trial when the complexity of the task was increased. However, 

findings indicated that overall, all participants made a similar number of correct first 

choices across the trials and did so significantly better than chance level. Experiment 7 

removed the visual cues, which evolutionary theories would suggest may have been 

more relied on by females than males, due to a reliance on positional and land-mark 

based cues (Lawton, 1994; Saucier et al. 2002). Consistent with this argument, females 

were found to perform worse in terms of overall foraging efficiency, LTM, and WM in 

the first block of test trials once visual cues were removed compared to the second 

block of test trials where performance improved, suggesting that females experienced a 

greater impairment in foraging efficiency. As there was no significant difference 

between the sexes here, further research into the extent to which females show an 

impairment on these memory measures when salient cues are removed would be worthy 

of investigation.  

 

4.5.4 Conclusions 

In conclusion, the findings of this chapter indicate that humans have a strong 

tendency to detect and use structured temporal information during search. These results 

support the concept that humans possess a propensity to detect structure in search 

environments, whether this is physical structure of the search space, or structure across 

time which aids future search. An effect of overshadowing was observed here for the 

first time within a foraging situation, whilst findings also indicated that humans acquire 

spatial information, suggesting that the concept of a mental map cannot be ruled out. 

These results are consistent with the notion that humans evolved sophisticated cognitive 

skills due to ancestral foraging pressures (Milton, 1981a).  

The task outlined within this chapter provided a naturalistic and ecological task 

with which to assess the cognitive skills required for efficient foraging. It has previously 

been suggested that ecologically valid tasks are required to accurately assess facets of 

human cognition (Burgess et al. 1998; 2006), and in particular when assessing effects of 

ageing in humans (Phillips et al. 2006). The next chapter aimed to implement this 

foraging paradigm with an ageing population to assess changes in adult cognition across 

a taxonomy of measures. 
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Chapter 5: Effects of Ageing in the Detection of Temporal Structure 

 

5.1 Introduction 

The experiments outlined in the previous chapter demonstrated the use of a 

suitable and ecologically valid experimental setup to assess foraging. The foraging 

paradigm developed allowed the assessment of multiple cognitive competences within a 

single task, considering human cognition within a situation derived from observations 

of non-human primate foraging behaviour. Using this paradigm, the experiment 

described in the current chapter had a unique opportunity to assess the effects of ageing 

within an ecological and naturalistic paradigm. 

 

5.1.1 A Cognitive Decline 

The effects of ageing and the associated deficits in cognition are seen across 

species, including rodents (Ingram, 1988), zebrafish (Yu, Tucci, Kishi & Zhdanova, 

2006), dogs (Milgram, Head, Weiner & Thomas, 1994), and primates (Lacreuse & 

Herndon, 2009). In humans, a cognitive decline with age occurs in tasks of verbal 

memory and cognitive speed (van Hooren et al. 2007), memory search performance 

(Hills, Mata, Wilke & Samanez-Larkin, 2013), and executive function and WM (van 

Hooren et al. 2007; MacPherson et al. 2002; see Bishop et al. 2010, for a review). A 

longitudinal study by Park et al. (2002) found a linear decline for tasks including the use 

of WM, LTM, and speed of processing, indicating that a number of cognitive 

competences decline in humans as age increases. Research monitoring brain activity of 

healthy ageing participants has also shown that the large-scale brain system which 

involves the frontal and posterior brain regions - thought to be related to memory and 

planning (Vincent, Kahn, Snyder, Raichle & Buckner, 2008) – showed a decline in aged 

participants across a number of cognitive tasks (Andrews-Hanna et al. 2009). More 

specifically, it has been found that age-related differences appear to be specific to tasks 

dependent on the DLPFC, whilst tasks requiring the ventromedial prefrontal cortex did 

not show any age-related changes (MacPherson et al. 2002). Whilst this postulates that 

effects of ageing appear to be specific to certain cognitive functions, this also suggests 

that age-related changes may be found in a foraging task requiring the use of WM and 

an ability to detect structure, an ability thought to be related to the DLPFC (Bor et al. 

2003). 
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It has also been suggested that cognitive changes may be largely explained by a 

slowing of information processing with age (Verhaeghen & Salthouse, 1997; Myerson, 

Ferraro, Hale & Lima, 1992; Bashore, Wylie, Ridderinkhof & Martinerie, 2014). 

Verhaeghen and Salthouse (1997) performed a meta-analysis which indicated that rather 

than a loss of capacity, speed of processing explained a large proportion of the variance 

within age-related changes. Moffat, Zonderman and Resnick (2001) found that after 

being given learning trials, 76% of older adults were unable to complete a virtual maze 

without error, compared to only 14% of young adults. These results could also be 

explained by a slowing of processing speed, as participants were given five learning 

trials which may not have been sufficient time for older participants to process enough 

information about the maze. 

 

5.1.2 Importance of Ecologically Valid Tasks 

To compensate for slower processing speed, Phillips et al. (2006) suggested that 

older adults may be using existing knowledge of real-life situations relevant to the 

experimental task. The ecological validity of such tasks must therefore be taken into 

account to more accurately assess which aspects of cognition are sensitive to the effects 

of age (Burgess et al. 1998; 2006; Alderman, Burgess, Knight & Henman, 2003; 

Phillips et al. 2006; 2008). Within lab-based experiments, research has demonstrated an 

age-related decline of prospective memory - an ability to plan and perform an action in 

the future - but does not show the same effect within naturalistic tasks (Rendell & 

Thomson, 1999; Phillips et al. 2006). The type of task used to assess ageing is of 

particular importance, and age-related differences may subside when tasks relate to real 

world situations. Burgess et al. (2006) suggested that an effective approach would be to 

design a task and a lab-based model which was as close as possible to real-world 

situations. However, walking through a shopping centre or a supermarket in search for 

items can be seen as a relatively novel and recent situation. Considering the evolution of 

hominins (see White et al. 2009) and the sophisticated cognitive skills humans have 

evolved (see Coolidge & Wynn, 2001; 2005; Ardila, 2008, for a discussion) a task may 

be more naturalistic and more accurately tap the relevant cognitive competences when 

based upon conditions under which these skills may have evolved. High-level cognition 

in primates is thought to have been triggered by the requirement of foraging on 

ephemeral resources within a forest environment (Milton, 1981a; 1993). To assess 
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spatial memory therefore, it would be useful to assess humans within foraging tasks, to 

provide the most ecologically valid task from an evolutionary perspective.  

 

5.1.3 Age-Related Changes in Search 

Previous studies assessing the effect of ageing within spatial memory and 

search, have found differences between older and younger adults. Older adults have 

shown spatial memory impairments within a large-scale Morris water maze (Newman & 

Kaszniak, 2000), and performed at a lower level than younger adults within virtual 

navigational tasks (Zancanda-Menendez et al. 2015; Moffat et al. 2001). Within a 

foraging task where participants searched for fish, Mata, Wilke and Czienskowski 

(2009) additionally found that older adults performed worse than younger adults even 

when shown and asked to use a strategy to improve optimal foraging performance. 

These findings suggest that the search strategies deployed become less efficient with 

age. 

Foraging tasks are a useful paradigm to assess cognitive ageing as they tap a 

number of cognitive skills and are based upon evolutionarily-relevant situations. The 

foraging paradigm outlined for the set of experiments described in Chapter 4, which 

was based upon naturalistic foraging scenarios of non-human primates (Janmaat et al. 

2013a; Janmaat et al. 2013b; Janmaat et al. 2012), was employed in the current 

experiment. This task afforded the discrimination of cognitive competences deployed 

during foraging, and therefore allowed the assessment of where age-related changes lie. 

The search for food items within this task assessed foraging efficiency by measuring the 

number of moves taken to find the items. Successful search is supported by LTM, WM, 

and an ability to detect temporal structure, tapping prospective memory, which this task 

also assessed. As previous findings have suggested that tasks requiring the DLPFC 

show an impairment with age (MacPherson et al. 2002), it was predicted that older 

participants may be less able than younger adults to detect the temporal structure across 

the current task. This experiment therefore aimed to determine where effects of ageing 

lie in an ecologically valid task which affords the assessment of a number of cognitive 

competences thought to have evolved from foraging behaviour.  

 

5.2 Experiment 8 

A touchscreen version of the VR task described for Experiment 5 of the previous 

chapter was employed, which presented the stimuli from a plan view. This enabled the 
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retention of the essential aspects of the task, whilst allowing for a higher number of 

trials to be completed than within VR to better assess the cognitive ability of older 

adults. Whilst VR is a particularly useful method which better reflects the skills and 

cognitive competences required in real-life situations, the touchscreen task removes the 

need to traverse an environment. However, considering the diagnostic potential of this 

foraging task to characterise healthy ageing and to detect impairments in one or more 

measures of cognition, a touchscreen version affords easier administration and was 

deemed better suited for this task. To assess age-related changes in foraging efficiency, 

the performance of older adults was compared with younger adults, whilst differences 

between sexes were also considered.  

 

5.2.1 Methods 

Participants. Twenty-four students from the University of Leicester were 

recruited (15 female, 9 male) aged 17-27 years old (M = 19.26, SD = 1.86) who took 

part for course credit. Data was also collected from 28 older adults (16 female, 12 male) 

aged between 65 and 86 years old (M = 71.07, SD = 4.72), who were recruited from the 

Leicester area and paid for their time. 

 

Montreal Cognitive Assessment. To ensure the task measured healthy 

cognitive changes in the older group and to avoid any results that may be due to 

cognitive impairment, the Montreal Cognitive Assessment (MoCA, Nasreddine et al. 

2005) was administered. The MoCA is comprised of 13 questions tapping 

visuospatial/executive competences, naming ability, memory, attention, language, 

abstraction, delayed recall, and orientation. The test has a maximum score of 30, with a 

score of 26 or over indicating normal cognitive function. All older participants scored 

above the healthy cut-off point, and were assumed to be performing at a normal level of 

cognitive ability (M = 27.58, SD = 1.41).  

 

Apparatus and Environment. The task was configured in Eprime, and 

presented on a touchscreen. Participants used their fingers to touch the locations and to 

produce responses. The rewards to be found in this task could not be found unless a 

location was checked by touching the circle to select it, which was analogous to 

chimpanzees raising their head and looking up into the canopy to check for the presence 

of fruit (Janmaat et al. 2013a). An array of 36 locations displayed as circles were 
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arranged as a 6 x 6 matrix and presented on the touchscreen, with a white background 

(see Figure 5.1). Six colours were used to represent different tree species. This included 

eight blue circles, eight green circles, six purple circles, six white circles, and four each 

of red and orange circles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 1 The array of locations presented to participants on the touchscreen. 

 

Design and Procedure. Participants were asked to find the hidden apples by 

pressing the circles to check for the presence of fruit. Each trial in this task represented 

a foraging bout, and within each trial 12 locations yielded a reward of a virtual apple, 

thus in any given trial two ‘tree species’, or colours, were rewarded. Once a circle was 

selected, it disappeared for 0.5 seconds and an image of an apple appeared in place of 

the circle if a rewarded circle was selected for the first time in a given trial, or remained 

blank if an unrewarded circle was selected to show that there was no reward at that 

location. If a rewarded circle was revisited in a given trial the apple had already been 

‘taken’ from that location, and the space remained blank. No cues were left to mark 

previously visited locations. 
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Participants were provided with trials featuring a predictable temporal pattern, 

which consisted of two concurrent patterns that could be learned across trials, in the 

same way as described for Experiment 6 of the previous chapter. The first pattern was a 

SA between circles of two colours (red and orange circles), where red circles yielded a 

reward in the first trial, followed by orange circles yielding rewards in the second trial. 

Simultaneously, a second pattern featured a DA in the availability of fruit at circles of 

blue and green. Blue circles were rewarded in two consecutive trials. Then, green 

circles were rewarded in the subsequent two trials. This created a pattern of switches 

between the availability of fruit at circles of different colours across trials, and was 

repeated across all trials. Circles of purple and white never yielded rewards. In addition 

to the temporal patterns, there were two patterns that were also predictive of reward 

location; i) if a circle of one species was rewarded, then all circles of that species will 

also be rewarded, and ii) if a circle of one species was rewarded, then there will be 

another species that will be simultaneously rewarded. 

Participants searched for the hidden apples, and once all apples were found, the 

trial terminated and they were asked to press the spacebar to start the next trial. 

Participants completed 120 trials in total, in three blocks of 40 trials with breaks 

between blocks or when required. 

 

Measures. The same measures as described for Experiment 6 were calculated. 

The mean number of selections until all apples were found was calculated to assess 

overall foraging efficiency, where the optimum number of selections was 12. LTM was 

measured by calculating the mean number of visits in each trial to red and orange 

locations which never yielded a reward, and WM efficiency measured the number of 

revisits to circles previously selected within a trial. An ability to detect the availability 

of fruit on the basis of its cyclical nature, was measured by calculating the proportion of 

correct first choices made to red and orange circles to assess ability to detect the SA, 

and calculating the proportion of correct first choices made to blue and green circles to 

assess detection of the DA. Examining the first selections of each trial, a score of 1 was 

assigned if a participant visited a rewarded circle in the SA or the DA pattern, instead of 

or before an unrewarded circle including never rewarded circles. A score of 0 was given 

if an unrewarded circle of the SA or DA, or a never rewarded circle, was visited before 

a rewarded pole of these two patterns.  
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5.2.2 Results 

Overall Foraging Efficiency. Across the trials, older adults showed a tendency 

to make more selections until the completion of a trial (M = 21.51, SD = 7.43) than 

younger adults (M = 16.44, SD = 4.26). Participants within both age groups became 

more efficient at searching the array, as shown by a decrease in the number of selections 

(Figure 5.2). 

Figure 5. 2 The mean number of selections made to the completion of a trial for 

younger and older adults, shown across blocks of 10 trials, with ±1 SE bars. 

 

The results of a 12 (Blocks) x 2 (Age) x 2 (Sex) ANOVA showed a significant 

effect of Blocks, F (3.51, 168.32) = 49.59, p < .001, and a significant effect of Age, F 

(1, 48) = 8.18, p < .01. An independent samples t-test indicated that overall, older 

participants made more selections until the completion of a trial than younger adults, t 

(50) = -2.95, p < .01. The interaction of Age x Blocks however, approached 

significance, F (3.51, 168.32) = 2.38, p = .062. There was no main effect of Sex, F (1, 

48) = .35, p = .556, nor any significant interactions between the three factors, minimum 

F (3.51, 168.32) = .46, p = .741. 
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To compare the slopes of learning across the trials, a linear regression line of 

each slope was calculated. An independent samples t-test was carried out which showed 

no significant difference between the slopes of the two age groups (young, M = -.96, SD 

= .63; old, M = -1.17, SD = .81), F (1, 50) = 1.07, p = .306, suggesting that despite an 

effect of age, the rates of learning were similar. 

 

Long Term Memory. The mean number of locations selected that never yielded 

a reward was 3.65 (SD = 3.65) for older participants, and 1.18 (SD = 1.69) for younger 

adults. Participants of both age groups became more efficient at avoiding these locations 

across the trials, with a sharper decrease evident for younger participants (Figure 5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 3 The mean number of never rewarded locations selected by younger and 

older adults, shown across blocks of 10 trials, with ±1 SE bars. 
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Age, F (1, 48) = 8.65, p < .01, and a significant interaction of Blocks x Age, F (2.77, 

133.09) = 3.31, p < .05. Independent samples t-tests indicated that in blocks 2, 3, 4, 5, 6, 

7, 8 and 10, older adults selected more never rewarded locations than younger adults, 
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minimum t (33.61) = -2.08, p < .05. In blocks 9, 11 and 12, older adults appeared to 

have reached a level of performance closer to young adult performance, and differences 

here were not statistically significant, minimum t (34.37) = -1.89, p = .067, suggesting 

that older adults took longer to become efficient at avoiding these circles. There was no 

significant effect of Sex, F (1, 48) = .61, p = .438, nor any further interactions, 

minimum F (1, 48) = .06, p = .801. 

The learning rates between the two groups was compared by calculating the 

linear regression lines. An independent samples t-test showed a significant difference 

with a significantly sharper decrease in the number of never rewarded locations selected 

in the younger sample (M = -.36) compared to older participants (M = -.56), t (45.03) = 

2.09, p < .05. 

 

Working Memory. Across the trials, both older and younger adults made few 

revisits (M = 1.59, SD = 1.52; M = .96, SD = .65 respectively). Participants of both age 

groups made fewer working memory errors as the trials progressed, as shown in Figure 

5.4.  

Figure 5. 4 The mean number of revisits made by younger and older adults, shown 

across blocks of 10 trials, with ±1 SE bars. 
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A further 12 (Blocks) x 2 (Age) x 2 (Sex) ANOVA was carried out. A 

significant effect of Blocks, F (3.49, 167.28) = 17.80, p < .001, and a significant 

interaction of Blocks x Age, F (3.49, 167.28) = 3.87, p < .01, was found. Independent 

samples t-tests showed that older adults made significantly more revisits than younger 

adults in blocks 4, 5, 6, 7, 8, 10 and 12, minimum t (30.76) = -2.51, p < .05. Blocks 1, 2, 

3, 9 and 11 were non-significantly different, minimum t (34.79) = 1.90, p = .065, 

indicating that at the start and towards the end of the trials younger and older adults 

were performing at a similar level. There was no significant main effect of Age, F (1, 

48) = 3.48, p = .068, Sex, F (1, 48) = .24, p = .628, nor any further interactions, 

minimum F (3.49, 167.28) = .69, p = .581. 

To compare the slopes of each age group, linear regression lines were 

calculated. An independent samples t-test showed no significant difference between the 

two age groups (young, M = -.18, SD = .14; old, -.10, SD = .17), F (1, 50) = 3.01, p = 

.089, suggesting that rates of learning for both age groups were similar. 

 

Detection of Temporal Patterns. 

Single Alternation. The proportion of correct first choices made to circles in the 

SA was higher for younger adults (M = .68, SD = .13) than older adults (M = .54, SD = 

.10). Performance increased across the trials, however this increase was sharper for 

younger than older adults (see Figure 5.5). 
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Figure 5. 5 The proportion of correct first choices to locations in the single alternation 

pattern selected by younger and older adults, across blocks of 10 trials, with ±1 

SE bars. 

 

A 12 (Blocks) x 2 (Age) x 2 (Sex) ANOVA was carried out which found 

significant effects of Blocks, F (5.90, 283.29) = 18.79, p < .001, Age, F (1, 48) = 16.65, 

p < .001, and an interaction of Blocks x Age, F (5.90, 283.29) = 3.33, p < .01. 

Independent samples t-tests showed that older adults made significantly fewer correct 

first choices of the SA pattern than younger participants in blocks 3, 6, 7, 8, 9, 10, 11 

and 12, minimum t (44.14) = 2.46, p < .05. Blocks 1, 2, 4 and 5 showed no significant 

differences, minimum t (32.60) = 1.84, p = .075. There was no significant effect of Sex, 

F (1, 48) = .68, p = .412, nor any further interactions, minimum F (5.90, 283.29) = .70, 

p = .652. 

To compare the slopes in the rates of learning for each age group, a further 

independent samples t-test was run using the linear regression lines of each slope. A 

significant difference was found with a significantly sharper increase in learning found 

for younger adults (M = .04) compared to older adults (M = .02), t (50) = 2.93, p < .01. 
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Whilst older adults were making significantly less correct first choices than 

younger participants, a further analysis determined whether they were making more 

correct choices than chance level by the end of the trials. Under the assumption that 

participants had learned which 12 locations to avoid, the probability of selecting a 

correct location was 12/24, thus using a one-sample t-test the test statistic was set at .5. 

In the last block of trials, older participants made significantly more correct first choices 

(M = .64) than chance level, t (27) = 3.55, p < .01, suggesting that they had detected and 

were using structured temporal information.  

 

Double Alternation. For the DA pattern, the proportion of correct first choices 

made was higher for younger adults (M = .66, SD = .13) than for older adults (M = .53, 

SD = .09). Both younger and older participants appeared to perform similarly initially, 

however younger adult performance showed a sharper increase (Figure 5.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 6 The proportion of correct first choices to locations in the double alternation 

pattern selected by younger and older adults, across blocks of 10 trials, with ±1 

SE bars. 
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A 12 (Blocks) x 2 (Age) x 2 (Sex) ANOVA carried out showed significant 

effects of Blocks, F (6.20, 297.79) = 18.66, p < .001, Age, F (1, 48) = 17.65, p < .001, 

and an interaction of Blocks x Age, F (6.20, 297.79) = 4.70, p < .001. Independent 

samples t-tests showed that older adults made significantly fewer correct first choices in 

the double alternation pattern than younger adults in blocks 1, 6, 7, 8, 9, 10, 11 and 12, 

minimum t (50) = 2.10, p < .05. In blocks 2, 3, 4, and 5, participants performed 

similarly, minimum t (34.28) = 1.31, p = .200. There was no main effect of Sex, F (1, 

48) = .19, p = .662, nor any further interactions between the three factors, minimum F 

(6.20, 297.79) = .65, p = .693. 

To compare the slopes across the trials for the two age groups, linear regression 

lines were calculated for each age group. An independent samples t-test showed a 

significantly sharper increase in the performance of the younger adults (M = .03) than 

for older adults (M = .01), t (50) = 3.45, p < .01. 

To assess whether older adults were performing above chance level, a one-

sample t-test was carried out, with the test statistic set at .5. In the last block of trials, 

older participants made significantly more correct first choices (M = .65) than chance 

level, t (27) = 3.79, p < .001, suggesting that participants had learned this temporal 

pattern of reward availability by the end of the experiment. 

 

5.3 Discussion 

In a foraging task derived from studies of primate foraging behaviour which 

simulated the ephemeral nature of cyclically available fruit, older adults were less 

efficient at searching an array of locations for hidden rewards than younger adults. 

Older adults showed a slower rate of learning of structured temporal information when 

linear regression slopes were compared to younger adult performance, and significant 

differences in the detection of temporal patterns were also apparent by the end of the 

trials. However, by the end of the trials older participants directed their searches to 

rewarded locations more often than chance would predict suggesting that they had 

acquired knowledge of the available temporal information, albeit to a lesser extent than 

younger adults. 

 

5.3.1 Detection of Structure 

The finding that older adults showed a deficit in the detection of temporal 

structure suggests that competences relying on DLPFC function become impaired with 
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age. The results suggested that by the end of the trials, for measures of overall 

efficiency, LTM, and WM, performance by both age groups reached a similar level 

whilst this was not found for ability to detect and predict temporal structure. An ability 

to detect and benefit from structure is thought to be reliant on the DLPFC (Bor et al. 

2003), and the results of the current study support the notion that the largest age-related 

differences are specific to tasks dependent on this area of the brain (MacPherson et al. 

2002; Andrews-Hanna et al. 2009). McDaniel and Einstein (2011) suggested that in 

memory, planning load plays an important role and tasks requiring considerable 

monitoring show the largest decline. The current findings also suggest this, as in this 

foraging task, a considerable planning component is required to remember which 

locations were rewarded within the previous trial and to bear in mind where to direct 

future searches. To further explore this, it would be informative to use fMRI in 

conjunction with this task to determine the extent to which an ability to detect structure 

in this task is related to DLPFC function. 

 

5.3.2 Foraging Efficiency 

Across all measures, both young and older adults became more efficient as the 

trials progressed. Differences in overall foraging efficiency and LTM were found, as 

overall older adults made more selections until the completion of a trial and made more 

visits to locations that never yielded a reward than their younger counterparts, 

suggesting that they took longer to learn which locations were profitable. All 

participants made a similar number of revisits at the start of the experiment, however 

during the middle blocks, younger adults became more efficient than older adults and 

made fewer visits to previously selected locations. The finding that older adults show an 

impairment across these measures of memory, support previous findings also indicating 

a cognitive decline (Hills et al. 2013; van Hooren et al. 2007; Park et al. 2002). The 

findings are also consistent with the notion that age-related changes are due to a general 

slowing of information processing (Verhaeghen & Salthouse, 1997). Older adults 

became more efficient foragers across the task, though the differences suggest that they 

take longer to learn and process information. However, comparing the rates of learning 

across the trials, a significant difference was found for the measure of LTM only. The 

linear regression lines for each age group for the measures of foraging efficiency and 

WM indicated that both groups did not differ in learning rate, and by the end of the 

trials, performance did not appear to be significantly different. This indicates that older 
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adults had learnt which locations were profitable and which should be avoided, to a 

similar level as younger adults.  

The results also did not indicate any effects of sex, suggesting that males and 

females performed similarly throughout the task. Additionally, the findings suggested 

that male and female performance did not differ with age. This is in contrast to previous 

findings indicating that women’s performance deteriorates with age in an object 

location task (Cashdan, Marlowe, Crittenden, Porter & Wood, 2012). Whilst the current 

task also requires object location memory, no effect of sex was found amongst the 

younger or older adults tested. 

 

5.3.3 Use of Ecological Tasks 

The use of ecological and naturalistic tasks to accurately assess cognition has 

been highlighted by numerous researchers (Burgess et al. 1998; 2006; Alderman et al. 

2003; Phillips et al. 2006; 2008), and has also been emphasised within a clinical setting 

for diagnostic use (Barkley, 1991; Burgess et al. 2006; Foreman, Addison, Kim & 

Dibble, 2011). The current task successfully implemented a paradigm derived from 

naturalistic foraging behaviour, which tapped a number of cognitive competences 

required for efficient search. As age-related changes were found across certain measures 

within this task, it can be suggested that this is an efficient paradigm with which to 

assess effects of ageing, and aids to further characterise what is typical of healthy 

ageing in humans. Considering the conditions within which hominin cognition may 

have evolved (White et al. 2009; Milton, 1981a; 1993), a more accurate assessment of 

relevant cognitive skills may occur when tasks consider the evolutionary pressures 

hominins faced. Therefore, it can be suggested that tasks derived from these situations, 

provide the most ecologically valid task from an evolutionary perspective. 

 

5.3.4 Conclusions 

The foraging task developed appears to be an effective paradigm with which to 

characterise healthy cognitive ageing. In particular, an ability to detect and benefit from 

temporal structure was affected by age, and older adults did not reach the same level of 

efficiency as younger participants, suggesting that age-related changes may be specific 

to cognitive functions relying on the DLPFC. Foraging behaviour is thought to have 

triggered the emergence of many cognitive skills seen in humans today, thus 

experimental foraging tasks allow us to assess these skills under evolutionarily-relevant 
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situations. The results of this chapter indicate that the use of this foraging task is an 

effective way to ensure ecological validity and helps to further characterise healthy 

cognitive ageing in humans. 

As the foraging paradigm developed appeared to be sensitive to the effects of 

cognitive ageing, and considering the ease with which this task can be administered, the 

task therefore afforded the assessment of different populations. The findings presented 

within this chapter highlighted that young adults are highly efficient during search and 

demonstrated differences with older adults, however it is unknown when these cognitive 

competences may develop. The experiment described in Chapter 6 aimed to address 

this. 
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Chapter 6: Developmental Changes in Foraging Efficiency 

 

6.1 Introduction 

The search paradigm developed in Chapter 4, and which was modified in 

Chapter 5, is a useful and ecologically valid method to investigate foraging cognition, 

and appears to be sensitive to the effects of ageing. Whilst it is clear that young adults 

are highly efficient across a range of measures, it is unknown when these skills develop 

in humans. This paradigm therefore, further afforded an investigation of when the 

cognitive skills relevant to efficient foraging behaviour may develop in children. 

 

6.1.1 Evolutionary Developmental Psychology 

A relatively recent branch of evolutionary psychology devotes its time to 

understanding child development. Evolutionary developmental psychology asserts that a 

long developmental period as experienced by humans is risky and must have strong 

benefits for it to have evolved (Geary & Bjorklund, 2000). Growth rates across species 

suggest that developing at a maximum rate may be detrimental, particularly in terms of 

cognitive development which may not reach full potential if body growth is rapid 

(Metcalfe & Monaghan, 2003). In humans, individuals face a relatively long period of 

childhood before reaching maturity, suggesting that this developmental period is 

adaptive. The selection pressures faced by our ancestors varied during the stages of 

development, and therefore it is thought that some behaviours and cognitive 

mechanisms serve different advantages across the various stages of ontogeny 

(Bjorklund & Pelligrini, 2000; Bjorklund & Bering, 2002). In comparison to other 

primate species, the human developmental period is relatively large, though cognition 

has become enhanced and stages of development have accelerated during human 

evolution (Parker & McKinney, 1999). Across hominin species, Bogin (1997) notes that 

the period of childhood appears to show an increase. As a result, it is logical to assume 

that childhood is an important and adaptive function of the lifespan.   

 

6.1.2 Cognitive Development 

Proficiency in WM tasks often shows a linear increase as children age (Orsini et 

al. 1987; Luciana & Nelson, 1998; Hamilton et al. 2003; Gavens & Barrouillet, 2004; 

Bayliss, Jarrold, Baddeley, Gunn & Leigh, 2005; Farrell Pagulayan et al. 2006). 

Similarly, children show improvements as they age in inhibitory control (Williams, 
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Ponesse, Schachar, Logan & Tannock, 1999; Bedard et al. 2002; Sinopoli, Schachar & 

Dennis, 2011; Davidson, Amso, Anderson & Diamond, 2006), and rule use and 

reasoning (Frye, Zelazo & Palfai, 1995; Zelazo, Frye & Rapus, 1996; Siegler & Chen, 

1998). In particular, the ability to use memory and recall strategies appears to show a 

clear developmental trend (Dempster, 1978).  

 

6.1.3 Development of Search Strategies 

Diamond (2002), in a review, considered the development of the frontal lobe 

and noted that whilst cognitive functions unrelated to the prefrontal cortex are 

reasonably developed by age 7, the cognitive functions related to the DLPFC continue 

to develop and improve after the age of 7 years old and often into early adulthood. 

Supporting this, Kwon et al. (2002) investigated brain activation patterns in participants 

aged 7-22 years old and found a linear increase in the activation of the fronto-parietal 

network, including the DLPFC, as age increased when performing a visuo-spatial WM 

task. The DLPFC is also thought to be related to an ability to benefit from structure (Bor 

et al. 2003), and further findings by Imbo et al. (2009) in a Corsi task found that all 

groups of participants, aged 9-19, benefited from sequences which exploited the spatial 

structure of the blocks, though older participants benefited to a greater degree when a 

structured strategy could be used. These findings suggest that an ability to detect and 

exploit structure in search may show a developmental trend as the DLPFC continues to 

develop throughout childhood. 

In a maze task, the search strategies children deploy have been shown to develop 

with age (Aadland, Beatty & Maki, 1985). Lehnung et al. (1998) found that 5 year old 

children used proximal cues whilst 10 year olds were able to use distal cues. Children 

aged 7 years old appeared to be at a stage of transition, and deployed search strategies 

based on both these cue types. However, in a large-scale search task by Smith, Gilchrist 

and Hood (2005), no effect of age was found when children were asked to search for a 

green target light amongst a number of switches positioned on the floor. In a similar 

way to the paradigm employed in the subsequent experiment and within the previous 

two chapters, Smith et al.’s search paradigm required participants to check each location 

for the presence of the target, which more accurately reflects true foraging situations. 

Unlike natural situations however, Smith et al’s task featured a single target per trial. 

The current experiment aimed to further assess the cognitive competences required for 

efficient foraging in children, in a task requiring the search for multiple items. It is 
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predicted that developmental trends will be seen across a number of cognitive 

competences required for efficient foraging behaviour.  

 

6.2 Experiment 9 

The task employed in this experiment was the same as that described for 

Experiment 8. As this task proved to be sensitive to the effects of ageing, this 

experiment assessed primary school children in the development of foraging cognition, 

whilst also considering whether sex differences occur within age groups in a foraging 

task. 

 

6.2.1 Methods 

Participants. Data was collected from 63 children (30 female and 33 male), 

aged 5 to 11 years old (M = 8.86, SD = 1.62), from a primary school in Staffordshire, 

UK. Consent forms were obtained from parents two weeks prior to testing, with the 

children also agreeing to take part on the day of testing.  

 

Apparatus and Environment. The same Eprime touchscreen task as described 

for Experiment 8 was employed. As testing was carried out at the school, the monitor 

used to present the task required a stylus to produce responses in place of touching the 

screen with their finger. A 6 x 6 matrix array of coloured circles was presented on 

screen. Six colours were used to represent different tree species, which included eight 

blue circles, eight green circles, six purple circles, six white circles, and four each of red 

and orange circles.  

 

Design and Procedure. Participants were required to check for the presence of 

an apple by selecting a circle. A single foraging bout was represented by a single trial, 

with 12 circles yielding a reward of a virtual apple within each trial. In any given trial, 

two ‘tree species’ – colours – yielded a reward. When a rewarded circle was selected for 

the first time in a trial, the circle disappeared for 0.5 seconds and an image of the apple 

appeared in place of the circle. If an unrewarded circle was selected or a circle was 

reselected, the space beneath the circle remained blank to show there was no reward or 

that it had already been taken. No cues were left to mark previously visited locations. 

The availability of fruit followed the same temporal patterning as described for 

Experiment 8, which featured two concurrent patterns of a SA between red and orange 
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circles, and a DA between green and blue circles, whilst purple and white circles never 

yielded a reward. However, due to time and attention constraints, children’s ability to 

detect the temporal patterns across trials could not be assessed. Within a trial, 

participants could still detect the two available patterns; i) if a location of one species 

was rewarded, then all locations of that species will also be rewarded, and ii) if a 

location of one species was rewarded, then there will be another species that will be 

simultaneously rewarded. 

Children were asked if they wanted to play a game where they had to find the 

hidden apples by tapping on circles to see if there was an apple hidden there. Once all 

the apples had been found, the trial terminated and children were asked to press the 

spacebar to start the next trial. They completed as many trials as they could in 15 

minutes.  

 

Measures. Overall foraging efficiency was measured by calculating the number 

of selections made until the completion of a trial. To assess LTM, the number of never 

rewarded locations selected was calculated, and to measure WM ability, the number of 

revisits made within a trial was also calculated.  

 

6.2.2 Results 

The number of trials children completed ranged from 3 to 32 trials (M = 18.60, 

SD = 7.73), which is shown as a scatterplot in Figure 6.1.  
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Figure 6. 1 The number of trials completed by children of each age. 

 

A Pearson’s correlation showed a significant positive correlation between the 

age of the participant and the number of trials they completed, r = .429, N = 63, p < 

.001, indicating that the older a child was, the more trials they were able to complete in 

the allocated time. 

To analyse foraging efficiency, participant data was split into three age groups; 

5-7, 8-9, and 10-11 years old. Results were initially analysed across the outset of trials 

by analysing the first eight trials as the majority of children completed at least this 

number (5-7 years, N = 14; 8-9 years, N = 18; 10-11 years, N = 24), before analysing the 

first 20 trials to further assess changes in foraging efficiency (5-7 years, N = 3; 8-9 

years, N = 9, 10-11 years, N = 19).  

 

Overall Foraging Efficiency. 

Eight Trials. Across the first 8 trials, the mean number of selections made by 5-

7 year old children was 35.13 (SD = 7.89), 41.88 (SD = 16.00) for 8-9 year olds, and 

31.61 (SD = 9.86) for 10-11 year olds. The means are shown in Figure 6.2. 
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Figure 6. 2 The mean number of selections to the completion of a trial across the first 8 

trials for each age group, with ±1 SE bars. 

 

An 8 (Trials) x 3 (Age) x 2 (Sex) ANOVA was carried out, which showed 

significant effects of Trials, F (5.25, 262.24) = 3.53, p < .01, Age, F (2, 50) = 6.46, p < 

.01, and an interaction of Trials x Age, F (10.49, 262.24) = 2.16, p < .05. Independent 

samples t-tests indicated that in trials 1 and 2, children aged 8-9 years old made 

significantly more selections than 5-7 year old children, minimum t (23.48) = -2.10, p < 

.05, and significantly more than 10-11 year old children in trials 3 and 6, minimum t 

(40) = 2.36, p < .05. In trials 6 and 7, 5-7 year olds made significantly more selections 

than 10-11 year olds, minimum t (36) = 2.46, p < .05. A significant effect of Sex was 

also found, F (1, 50) = 8.65, p < .01, with females (N = 25, M = 39.40, SD = 13.03) 

making significantly more selections overall than males (N = 31, M = 32.88, SD = 

11.30), t (54) = 2.00, p = .05. The interaction Age x Sex approached significance, F (2, 

50) = 2.77, p = .073, and all other interactions were non-significant, minimum F (10.49, 

262.24) = 1.34, p = .205. 

The results of a further ANOVA carried out for each age group across the trials 

indicated that only 10-11 year old children showed a significant linear decline in the 
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number of selections made across the trials, F (1, 23) = 11.22, p < .01. This approached 

significance for 8-9 year olds, F (1, 17) = 3.83, p = .067, and was also non-significant 

for 5-7 year old children, F (1, 13) = 1.42, p = .255.  

 

Twenty Trials. Considering performance across 20 trials, the mean number of 

selections made by 5-7 year old children was 34.93 (SD = 2.43), 31.29 (SD = 6.67) for 

8-9 year olds, and 26.20 (SD = 7.04) for 10-11 year old children (see Figure 6.3). 

 

Figure 6. 3 The mean number of selections made to the completion of a trial shown 

across 20 trials for each age group, with ±1 SE bars. 

 

A 20 (Trials) x 3 (Age) x 2 (Sex) ANOVA was carried out which showed no 

significant effect of Trials, F (8.67, 216.63) = 1.50, p = .153, Age, F (2, 25) = 2.74, p = 

.084, Sex, F (1, 25) = .00, p = .951, nor any interactions between the factors, minimum 

F (17.33, 216.63) = 1.28, p = .206.  

A further ANOVA was carried out to assess each age group independently, 

which indicated that 8-9 year old, and 10-11 year old performance showed a significant 

12

16

20

24

28

32

36

40

44

48

52

56

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

M
E

A
N

 S
E

L
E

C
T

IO
N

S

TRIALS

5-7 years old 8-9 years old 10-11 years old



129 
 

linear decline, F (1, 8) = 5.91, p < .05, and F (1, 18) = 8.26, p < .05, respectively. There 

was no significant linear decline, F (1, 2) = 7.22, p = .115.  

 

Long Term Memory. 

Eight Trials. The mean number of locations selected that never yielded a reward 

was 9.84 (SD = 3.86) for 5-7 year old children, 10.99 (SD = 4.78) for 8-9 year olds, and 

7.95 (SD = 4.37) for 10-11 year olds. The number of never rewarded locations selected 

within the first eight trials is shown in Figure 6.4.  

Figure 6. 4 The mean number of never rewarded circles selected across the first 8 trials 

for each age group, with ±1 SE bars. 

 

An 8 (Trials) x 3 (Age) x 2 (Sex) ANOVA was carried out, which indicated a 

significant effect of Trials, F (4.97, 248.48) = 2.48, p < .05, Age, F (2, 50) = 4.00, p < 

.05, and a significant interaction of Trials x Age, F (9.94, 248.48) = 2.44, p < .01. 

Independent samples t-tests indicated that 8-9 year old children made significantly more 

visits to never rewarded locations than 10-11 year old children in trial 6 only, t (20.84) 

= 2.77, p < .05. As the trials progressed, 5-7 year old children started to make 

significantly more visits to never rewarded circles than 10-11 year olds, in trials 6, 7, 
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and 8, minimum t (36) = 2.06, p < .05. There were no significant differences between 5-

7 and 8-9 year old performance, minimum t (30) = -1.63, p = .113. The ANOVA also 

revealed a significant effect of Sex, F (1, 50) = 6.43, p < .05, however independent 

samples t-tests indicated that overall, females (M = 10.48, SD = 4.24) did not make 

significantly more visits to these locations than males (M = 8.53, SD = 4.61), t (54) = 

1.62, p = .110. All other interactions were non-significant, minimum F (2, 50) = 1.30, p 

= .283. 

The results of a further ANOVA indicated that only 10-11 year old children 

showed a significant linear decline in the number of never rewarded locations visited, F 

(1, 23) = 12.74, p < .01. For 5-7 year olds, and 8-9 year olds, this analysis did not reach 

statistical significance, F (1, 13) = 3.95, p = .068, and F (1, 17) = 3.50, p = .079 

respectively.  

 

Twenty Trials. Across 20 trials, the mean number of never rewarded locations 

selected was 10.62 (SD = 1.32) for 5-7 year old children, 7.60 (SD = 3.36) for 8-9 year 

olds, and 5.46 (SD = 3.38) for children aged 10-11 years old. The means are shown in 

Figure 6.5. 

Figure 6. 5 The mean number of never rewarded locations selected shown across 20 

trials for each age group, with ±1 SE bars. 
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The results of a 20 (Trials) x 3 (Age) x 2 (Sex) ANOVA revealed a marginally 

significant main effect of Age, F (2, 25) = 3.29, p = .054, with independent samples t-

tests indicating that 5-7 year old children made significantly more visits to locations that 

never yielded a reward than 10-11 year old children, t (20) = 2.57, p < .05. There was no 

significant effect of Trials, F (8.44, 211.02) = 1.75, p = .086, Sex, F (1, 25) = .01, p = 

.920, nor any significant interactions, minimum F (16.88, 211.02) = 1.55, p = .082.   

A further ANOVA indicated that the performance of 8-9 and 10-11 year old 

children showed a significant linear decline across the trials, F (1, 8) = 10.35, p < .05, 

and F (1, 18) = 11.19, p < .01 respectively. This was non-significant for children aged 

5-7 years old, F (1, 2) = 2.54, p = .252. 

 

Working Memory.  

Eight Trials. For the number of visits made to circles previously selected within 

a trial, the mean number made by 5-7 year olds was 4.93 (SD = 4.87), 13.80 (SD = 

13.68) for 8-9 year olds, and 5.05 (SD = 5.55) for 10-11 year old children. The mean 

number of revisits are shown across trials in Figure 6.6. 

Figure 6. 6 The mean number of revisits made across the first 8 trials for each age 

group, with ±1 SE bars. 
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An 8 (Trials) x 3 (Age) x 2 (Sex) ANOVA was carried out which showed 

significant effects of Trials, F (5.17, 258.62) = 3.53, p < .01, Age, F (2, 50) = 10.06, p < 

.001, and an interaction of Trials x Age, F (10.35, 258.62) = 2.02, p < .05. Independent 

samples t-tests showed that 8-9 year old children made significantly more revisits than 

children aged 5-7 years old in trials 1 and 2, minimum t (22.17) = -2.67, p < .05, and 

more than 10-11 year olds in trial 6 only, t (19.30) = 2.76, p < .05. There were no 

significant differences between 5-7 and 10-11 year old children in the number of revisits 

made, minimum t (31.14) = -1.62, p = .116. The ANOVA also indicated a significant 

effect of Sex, F (1, 50) = 7.80, p < .01, and a significant interaction of Age x Sex, F (2, 

50) = 5.32, p < .01. Independent samples t-tests indicated that within the 8-9 year old 

age group, female children (M = 23.59) made significantly more revisits than males (M 

= 7.57), t (16) = 2.91, p < .05, which is shown in Figure 6.7. Additionally, females aged 

8-9 years old made significantly more revisits than both 5-7 year old females (M = 6.94) 

and 10-11 year old females (M = 5.13), t (9) = -2.29, p < .05, and t (19) = 4.72, p < .001 

respectively. 

A further ANOVA indicated that only children aged 10-11 years old showed a 

significant linear decline in the number of revisits made across the trials, F (1, 23) = 

6.57, p < .05. This was non-significant for children aged 5-7 years old, F (1, 13) = .01, p 

= .929, and 8-9 years old, F (1, 17) = 2.55, p = .129. 
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Figure 6. 7 The mean number of revisits made by each sex and each age group, across 

the first 8 trials, with +1 SE bars. 

 

Twenty Trials. The mean number of revisits made by 5-7 year old children 

across the 20 trials was 2.22 (SD = .65), 6.36 (SD = 3.77) for 8-9 year olds, and 3.46 

(SD = 2.38) for 10-11 year old children. This is shown in Figure 6.8.  
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Figure 6. 8 The mean number of revisits made by each age group, shown across 20 

trials, with ±1 SE bars. 

 

A further 20 (Trials) x 3 (Age) x 2 (Sex) ANOVA was carried out which 

revealed a significant main effect of Age, F (2, 25) = 7.01, p < .01. Independent samples 

t-tests indicated that 8-9 year old children made significantly more revisits overall than 

5-7 year olds, t (9.20) = -3.16, p < .05, but did not make significantly more than 10-11 

year olds despite a trend, t (11.13) = 2.12, p = .058. There was no significant difference 

in number of revisits made by 5-7 and 10-11 year old children, t (12.96) = -1.88, p = 

.083. The ANOVA revealed no significant effect of Trials, F (7.87, 196.80) = 1.13, p = 

.343, Sex, F (1, 25) = 1.14, p = .296, nor any interactions, minimum F (2, 25) = 2.73, p 

= .085. 

A further ANOVA across the trials showed no significant linear component for 

each 5-7 year old children, F (1, 2) = .01, p = .919, 8-9 year olds, F (1, 8) = 2.24, p = 

.173, nor 10-11 year olds, F (1, 18) = .95, p = .343. 
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6.3 Discussion 

In a touchscreen task derived from naturalistic foraging situations, children 

became more efficient foragers across the trials. Children were able to complete a 

higher number of trials within the time limit the older they were, suggesting that 

children show a developmental trend in search efficiency as they age. Across the first 

eight trials, the findings indicated that 8-9 year old children were initially less efficient 

and made more selections until a trial was completed than 5-7 and 10-11 year old 

children. The youngest and the intermediate age group also made more LTM errors than 

the oldest group, suggesting that older children became more efficient in avoiding 

locations that never yielded a reward than their younger counterparts. However, the 

findings also indicated that 8-9 year old children made the largest number of WM 

errors, and showed a tendency to make a greater number of revisits than children of the 

other age groups. Across 20 trials, a developmental trend persisted, and findings also 

indicated that 10-11 year old children showed a linear decline in the number of 

selections and never rewarded locations visited, whilst 8-9 year old children’s 

performance also showed this trend. The performance of 5-7 year old children did not 

appear to improve across the trials. Differences between 8-9 year old children and the 

oldest age group were not significant, however in terms of WM, 8-9 year old children 

continued to make more WM errors than the youngest age group.  

 

6.3.1 A Developmental Trend in Structure Detection? 

The number of selections made and the number of never rewarded locations 

selected across 20 trials was used to infer pattern detection, to assess children’s 

understanding of which ‘species’ – or colours – were rewarded. Children aged 10-11 

and 8-9 years old showed a significant improvement across the trials, compared to the 

children of the youngest age group whose performance appeared to deteriorate as the 

trials progressed. These results suggested that as a child’s age increased, fewer trials 

were needed to learn that within a trial, particular ‘species’ were rewarded, and that two 

species were always rewarded. In accordance with the current findings, Imbo et al. 

(2009) concluded that older children further benefited from using the structure of the 

task in comparison to younger children. As such, the finding that older children were 

better able to detect patterns within the task than children of the younger age groups, 

suggests that within a task which taps cognitive functions related to the DLPFC, an 
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ability to detect patterns within stimuli appears to develop across childhood, consistent 

with previous findings (Diamond, 2002; Kwon et al. 2002). 

 

6.3.2 Development of Foraging Efficiency 

The foraging task outlined appears to be a useful paradigm within which to 

assess a number of cognitive competences across children of different ages. The 

findings suggest that overall foraging efficiency measured by an ability to learn which 

locations were profitable and which locations to avoid, improves with age, which is in 

accordance with previous findings which show a developmental trend in cognition 

(Williams et al. 1999; Bedard et al. 2002; Frye et al 1995; Zelazo et al. 1996). Initially, 

the youngest age group appeared to perform well, before performance deteriorated 

across 20 trials and developmental trends were present for these measures. The 

deterioration across these measures may reflect poorer LTM skills in young children, 

who may be less able to retain information relating to which locations should be 

avoided. However, an alternative explanation may be that young children have poorer 

attention skills, which have been shown to become more efficient as children age and to 

also show developmental improvements (Hagen & Hale, 1973), thus whilst efforts were 

made to make the task interesting for young children, boredom effects may have 

occurred as the trials progressed. In turn, this may have had an effect on their overall 

efficiency and LTM ability. 

However, the finding that 8-9 year old children showed poorer WM 

performance than the youngest age group, does not appear to be consistent with 

previous findings which have shown an increase in WM capacity with age (Farrell 

Pagulayan et al. 2006; Orsini et al. 1987; Luciana & Nelson, 1998; Hamilton et al. 

2003; Gavens & Barrouillet, 2004; Bayliss et al. 2005). It is unclear why children of this 

age committed a higher number of WM errors, however it is cause for further 

investigation. Additionally, there is cause to further assess the foraging competences 

children show. Younger children in particular may have struggled with the large number 

of locations to-be-searched, and future research could consider presenting the display 

set gradually, by using an incremental procedure. In this way, it may more accurately 

determine whether children show clear developmental trends across the relevant 

cognitive competences involved in efficient foraging behaviour.  
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6.3.3 Sex Differences in Children’s Search 

Across the first eight trials, a significant effect of sex was found across all 

measures of this task, with males making fewer selections until the completion of a trial, 

fewer visits to locations that never yielded a reward, and fewer revisits than females. In 

particular, females aged 8-9 years old were found to make more WM errors than males 

of the same age, and females of the other age groups. These differences only occurred 

during the outset of trials however, and this sex difference diminished across 20 trials.  

The finding that males outperformed females within this search task is in 

accordance with previous findings (Silverman et al. 2000; Moffat et al. 1998; 

Sandstrom et al. 1998; Merrill, Yang, Roskos & Steele, 2016). The current findings 

support the notion that sex differences are seen amongst children as well as in adults, 

and occur early on in development (Spetch & Parent, 2006; Levine, Huttenlocher, 

Taylor & Langrock, 1999). However, it remains unclear as to why females within the 

intermediate age group tested performed worse than both the younger and older children 

within this task, and further investigation would be beneficial. Additionally, in contrast 

to the current findings, McGuinness and Morley (1991) found sex differences amongst 

children on a three-dimensional search task but did not find the same differences when 

the task was given in two-dimensions. The results of this chapter showed a male 

advantage in a two-dimensional foraging task, which lends further support to the claim 

that this task is a useful and informative method to measure the cognitive skills required 

for efficient foraging.  

 

6.3.4 Conclusions 

Overall, these findings support evolutionary developmental theories which 

suggest that the long developmental period humans experience is an adaptive function 

which aids high-level cognition (Bjorklund & Pelligrini, 2000; Geary & Bjorklund, 

2000; Bjorklund & Bering, 2002). An effect of age was seen across the measures of this 

foraging task, showing a developmental trend particularly in the development of LTM 

and in the detection of which locations to avoid. The results of this chapter suggest that 

the cognitive competences involved in foraging behaviour and the search for multiple 

food items become more advanced as children age, consistent with the idea that across 

evolutionary history, these skills were more beneficial to older children (Surovell, 

2000). As such, the findings support the notion that childhood is an important and 

adaptive function of the lifespan where important cognitive developments occur. 
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The results of this chapter furthered the findings of the previous two chapters, 

investigating the development of cognitive competences in humans, and provided 

further evidence to suggest that this foraging paradigm is a valuable method with which 

to assess the cognitive skills thought to have evolved from foraging behaviour. This 

paradigm was derived from situations non-human primates face today, though studies 

with humans only allow inferences about human behaviour. The touchscreen task 

developed provided a valuable and suitable method with which to assess non-human 

primates within an experimental paradigm, which the final experimental chapter 

implemented. 
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Chapter 7: Foraging efficiency and Detection of Structure in Baboons, Papio papio 

 

7 .1 Introduction 

Humans show a proficiency for detecting and monitoring temporal structure. 

The touchscreen foraging task developed afforded the successful assessment of both an 

ageing and a developmental population, investigating the high level cognitive skills 

required for efficient foraging. In the current chapter, this task further afforded the 

assessment of a non-human primate species, Papio papio, to provide a direct 

comparison between humans and primates, and to provide insights into when this 

proficiency to detect structure may have evolved along the primate lineage.  

The assessment of humans within the foraging task described in the previous 

chapters, whilst derived from studies of non-human primates foraging in natural 

habitats, only allows inferences to be made about human behaviour and cognition. A 

direct comparison between species tested using the same task would allow inferences to 

be made regarding the evolution of cognitive skills relevant to efficient foraging. The 

development of the touchscreen task provided a valuable opportunity to test a group of 

baboons which were touchscreen trained and housed at a research centre in Aix, 

Marseille, within this foraging paradigm which the initial VR task did not afford.  

 

7.1.1 Baboon Lineage and Ecology 

Whilst studies of primates with which humans share common ancestry is 

undoubtedly valuable, Jolly (2001) notes that ancestral baboons shared the same sub-

Saharan environments as ancestral hominins unlike forest-dwelling apes, and therefore 

conditions which may have impacted human evolution would have also had a parallel 

effect on baboon species.  

Baboons, Papio papio, belong to the family Cercopithedae, which consists of 

two subfamilies; Cercopithecinae, to which baboons belong, and Colobinae, consisting 

of folivorous colobus monkeys. A baboons diet is typically omnivorous which allows 

them to exploit a range of ecological niches, including savannahs, woodland savannahs, 

forests, and mountainous environments (Napier & Napier, 1967; 1985). The divergence 

of baboons from leaf-eating colobines suggests that their ancestors may not have been 

primarily folivorous, and they may have benefited from subsidising their diet with fruits 

when available. The divergence of the two subfamilies is thought to have occurred at a 

similar time to that when early hominins were diverging from a common ancestor with 
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chimpanzees, and perhaps within very similar habitats across Africa (Gilbert et al. 2010; 

Jolly, 2001; Zinner et al. 2009). Therefore, it has been suggested that studying baboons 

and other primates within this clade analogously, can provide interesting and useful 

insights into human evolution to assess the similarities and differences that have 

evolved independently of shared ancestry (Jolly, 2001). As such, the study of baboons 

allows for a unique and useful investigation of human evolution.  

 

7.1.2 Baboon Cognition 

Diet is thought to play a large role in the evolution of higher cognitive skills 

across primate species (Fleagle, 2013), including humans, and frugivorous primates in 

particular are thought to have evolved high level cognition due to the requirements of 

foraging on ephemeral resources (Milton, 1981a; 1993). Baboons show complex 

cognitive abilities, including analogical reasoning skills (Flemming, Thompson & 

Fagot, 2013; Fagot & Parron, 2010; Fagot, Wasserman & Young, 2001), and a 

considerable LTM capacity (Fagot & Cook, 2006). Wild chacma baboons have been 

observed making meaningful goal-directed movements towards resources suggesting 

that they acquire spatial knowledge of locations in their environment (Noser & Byrne, 

2007a). They have also been found to change their routes towards these resources which 

further suggests that baboons build mental representations of their environment (Noser 

& Byrne, 2007b). Studies assessing mangabey monkeys, a species of the Papionini tribe 

to which baboons belong, have suggested that they rely on spatial memory to find trees 

that are most likely to yield fruit (Janmaat et al. 2006; Olupot et al. 1997). Janmaat et 

al.’s (2006) findings suggested that the monkeys directed their searches to trees that 

were fruiting, and that they distinguished between trees that had and had not been 

recently depleted. Whilst baboons are primarily omnivorous, they may also possess the 

cognitive skills required to forage on ephemeral resources, as closely related mangabeys 

show. 

 

7.1.3 Foraging Efficiency of Baboons and Humans 

The current study aimed to directly compare the cognitive skills required for 

efficient foraging in humans and baboons. Efficient foraging is supported by LTM, 

WM, and an ability to detect temporal patterns of food availability, and therefore an 

ability to detect structure during search. Whilst previous studies have observed and 

studied mangabey monkeys (Janmaat et al. 2006; Olupot et al. 1997) and chimpanzees 
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(Janmaat et al. 2013a; 2013b; Ban et al. 2014) in their use of temporal fruit availability 

patterns during foraging bouts, this has not been investigated in baboons, and has not 

yet been experimentally assessed with a non-human primate species. An investigation 

of foraging efficiency and use of high-level cognitive skills within an experimental 

foraging task derived from naturalistic observations, would assess where similarities 

and differences lie between humans and baboons. Additionally, the assessment of 

whether baboons who are not primarily frugivorous show a tendency to detect fruiting 

patterns, may provide insights into primate cognition and the hypothesis that 

frugivorous primates have evolved specific cognitive abilities due to the ecological 

conditions of seasonal forests.  

 

7.2 Experiment 10 

This experiment presented baboons with a modified version of the touchscreen 

task initially described for Experiment 8. The display the baboons were presented with 

consisted of fewer locations to-be-searched, though retained the same foraging 

paradigm and temporal patterning. The group of baboons were housed in a large, 

outdoor enclosure with voluntary access to testing booths which each contained a 

touchscreen monitor. This provided an ideal set-up with which to assess a non-human 

primate species with the touchscreen task developed. The facilities allowed access to 

water and the testing apparatus when desired, and food was provided daily, regardless 

of the amount of time spent completing the task. Testing adhered to ethical standards 

and received approval from the relevant ethical committee at the CNRS Primate Centre.  

 

7.2.1 Methods 

Subjects. Data was collected from four baboons (B1, B2, B3, and B4) housed at 

the CNRS Primate Centre in Rousset-sur-Arc, Université d’Aix, Marseille. The baboons 

were male, with a mean age of 9.46 years old (SD = .69).  

 

Apparatus and Environment. The research facility comprised of a large 

outdoor enclosure (700m²) with a series of 10 automatic learning touch screens, which 

individuals used voluntarily to participate in the research and gain food rewards (see 

Fagot & Paleressompoulle, 2009). Baboons could access the test boxes through their 

enclosure, and each testing booth allowed baboons to enter individually. Each booth 

contained an LCD touchscreen monitor (19 inches), with arm ports for the baboons to 
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touch the screen. The arm ports contained antennae to identify the subject, as each 

baboon was microchipped. This allowed the experimental program to resume the point 

of testing where the baboon left previously. When a correct response was given, a 

dispensing machine rewarded the subjects with grains of dry wheat.  

The experiment presented 25 locations to-be-searched, which was the maximum 

number of locations that could be displayed on screen as subjects used the palm of their 

hands to select locations instead of their finger. As described for Experiments 8 and 9, 

the task presented coloured circles. Five different colours were used, four of which 

(blue, green, red and orange) were potentially rewarded in a given trial, whilst purple 

circles never yielded a reward. The circles were presented on the touchscreen, with a 

white background. 

 

Design and Procedure. Each trial represented a foraging bout, and in any given 

trial two tree species, or colours, yielded food rewards. Once a circle was touched by 

the subject, a click sound was played if that location did not yield a reward, or the 

dispenser was activated and a food reward was dispensed to the subject if a rewarded 

circle was selected. In a given trial, if a rewarded circle was revisited and the reward 

had previously been taken, only a click sound was played. The trial was terminated once 

all food rewards had been found, and a blank screen was shown for 5 seconds before a 

new trial began. There was no explicit penalty for selecting an unrewarded circle, but 

implicitly the task delayed reward and required more effort for the same amount of 

reward, if unrewarded circles were selected.  

Due to the number of subjects, a repeated measures design was used and all 

subjects completed test trials of two conditions which solely manipulated the 

predictability of the food availability across trials; predictable and unpredictable. The 

predictable pattern followed the same temporal patterning as described for Experiment 

8, which featured two concurrent patterns of a SA between red and orange circles, and a 

DA between green and blue circles. This temporal pattern was repeated across the trials 

for the predictable condition. In the unpredictable condition, the same pairs of colours 

were rewarded. In this condition, one DA colour (blue or green) and one SA colour (red 

or orange) were always rewarded together. However, the order in which these would be 

rewarded could not be predicted across the trials. In both conditions, purple circles 

never yielded a reward.  
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The task initially appeared to be difficult for the baboons to complete, thus an 

incremental procedure was introduced. This procedure included training trials with 7 

and 14 locations respectively, featuring the predictable temporal pattern, and test trials 

with 25 locations featuring both predictable and unpredictable patterns. All testing was 

administered in blocks of 100 trials. The 7-location array included two blue circles, two 

green circles, and one each of red, orange, and purple circles. In any given trial, there 

were three rewards to be found. Subjects completed 10 blocks before the number of 

locations in the array was increased to 14 locations. The 14-location array included four 

blue circles, four green circles, and two each of red, orange, and purple circles. Here, in 

a given trial, there were 6 rewards to be found. Subjects B1, B2 and B4 completed 10 

blocks, whilst B3 only completed 54 trials of the first block. However, B3 continued to 

complete the trials with 25 locations. The 25-location array was presented as a 5 x 5 

matrix, with six blue circles, six green circles, five purple circles, and four each of red 

and orange circles. Within each trial, 10 circles each yielded a reward. Subjects B1, B3, 

and B4 completed 6 blocks within the unpredictable condition first, and then completed 

6 blocks within the predictable condition. B2 also completed 12 blocks of test trials, but 

completed the predictable trials first followed by the unpredictable trials. The location 

arrays are illustrated in Figure 7.1. 

 

 

Figure 7. 1 The incremental training procedure, with 7-, 14-, and 25-location arrays. 

 

Measures. An overall measure of foraging efficiency calculated the number of 

selections made until a trial was completed, and LTM was assessed by calculating the 

number of selections made to locations which never yielded a reward. WM was 

assessed by calculating the number of revisits made within a trial. To determine whether 
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subjects detected the temporal patterns of reward availability, the proportion of correct 

first choices made within both the SA and DA were also calculated, as described for the 

experiment presented in Chapter 5.  

 

7.2.2 Results 

Overall Foraging Efficiency. 

Training Trials. Across the training trials, the mean number of selections 

subjects made in the 7-location array was 11.08 (SD = 2.05), and 32.25 (SD = 8.51) in 

the 14-location array. The means for each block of trials are shown in Figure 7.2. 

 

Figure 7. 2 The mean number of selections to the completion of a trial across blocks of 

100 training trials, with ± 1 SE bars. 

 

Test Trials. In the 25-location array, the mean number of selections made by 

subjects in the unpredictable condition was 63.50 (SD = 14.41), and 59.61 (SD = 8.55) 

in the predictable condition. The mean number of selections for each subject and the 

order in which subjects completed the trials, are shown below in Figure 7.3. 
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Figure 7. 3 The mean number of selections to the completion of a trial made by each 

subject, in the 25-location array, with ± 1 SE bars. 

 

To test for differences between the predictable and unpredictable conditions, a 6 

(Blocks) x 2 (Condition) ANOVA was run. A significant effect of Blocks was found, F 

(5, 15) = 6.02, p < .01. There was no significant effect of Condition, nor an interaction 

of Blocks x Condition, suggesting that as expected, in both conditions subjects made a 

similar number of selections. There was a significant linear component for Blocks, F (1, 

3) = 39.40, p < .01, which in accordance with Figure 7.3, suggests that this was due to 

the number of selections decreasing as the trials progressed.  

 

Long Term Memory. 

Training Trials. Considering the mean number of never rewarded circles 

selected, subjects visited few purple circles overall. The mean number of purple circles 

selected in the 7-location array was .17 (SD = .03), and .56 (SD = .37) in the 14-location 
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array. Figure 7.4 below shows a decrease in the number of never rewarded locations 

visited, however, the overall number of purple circles visited remained low.  

 

 

Figure 7. 4 The mean number of never rewarded locations selected across blocks of 100 

training trials, with ± 1 SE bars. 

 

Test Trials. In the 25-location array, subjects made a mean number of 2.67 (SD 

= 1.63) visits to never rewarded locations in the unpredictable trials, and 2.45 (SD = 

1.27) visits in the predictable trials. The mean number of purple circles selected and the 

order in which subjects experienced each condition, are shown below in Figure 7.5. 

 

 

 

0

0.5

1

1.5

2

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

7 LOCATIONS 14 LOCATIONS

BLOCKS OF 100 TRIALS

M
E

A
N

 N
E

V
E

R
 R

E
W

A
R

D
E

D



147 
 

 

Figure 7. 5 The mean number of never rewarded circles selected by each subject, in the 

25-location array, with ± 1 SE bars. 

 

A further 6 (Blocks) x 2 (Condition) ANOVA was carried out to assess 

differences in the number of never rewarded circles visited between the predictable and 

unpredictable conditions. There was no significant effect of Blocks, Condition, nor a 

significant interaction between the two factors. However, the trend analysis indicated 

that across the test trials, there was a significant linear relationship for Blocks, F (1, 3) = 

211.03, p < .01, which in accordance with Figure 7.5, indicates that the number of never 

rewarded locations selected decreased across the trials. 

To assess whether baboons avoided locations which never yielded rewards 

significantly more than chance level, one-sample t-tests were run. For the 7-, 14-, and 

25-location arrays, there was a 1/7, 2/14, and 5/25 chance respectively that a purple 

circle would be selected, therefore the mean number of selections for each array was 

compared to the test values of 1, 2, and 5. The results showed that subjects made 
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significantly less selections to never rewarded circles than expected by chance in the 7-

location array, t (3) = -8.94, p < .01, the 14-location array, t (2) = -6.02, p < .05, and the 

25-location array, t (3) = -3.41, p < .05. 

 

Working Memory. 

Training Trials. The mean number of revisits subjects made in the 7-location 

array was 5.71 (SD = 1.96), and in the 14-location array subjects made an average of 

20.73 (SD = 8.23) revisits. This is shown in Figure 7.6 for the training arrays. 

 

 

Figure 7. 6 The mean number of revisits made across blocks of 100 training trials, with 

± 1 SE bars. 

 

Test Trials. In the 25-location array, the mean number of revisits made was 

42.85 (SD = 13.49) in the unpredictable condition, and 38.95 (SD = 7.94) in the 

predictable trials. The means for each subject and the order in which they completed the 

trials are shown below in Figure 7.7. 
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Figure 7. 7 The mean number of revisits made by each subject, in the 25-location array, 

with ± 1 SE bars. 

 

To assess the number of revisits made across the two test conditions, a 6 

(Blocks) x 2 (Condition) ANOVA was run. A significant effect of Blocks was found, F 

(5, 15) = 5.84, p < .01. There was no significant effect of Condition, nor an interaction 

of Blocks x Condition, indicating that as expected, performance in both conditions was 

similar. The trend analysis results for Blocks showed a significant linear component, F 

(1, 3) = 35.95, p < .01, which taken concurrently with an inspection of Figure 7.7, 

indicates that the mean number of revisits decreased overall as the trials progressed. 

 

Detection of Temporal Patterns. 

Single Alternation: Training Trials. The proportion of correct first choices 

made within the SA pattern was calculated to assess whether subjects were directing 

their searches to a rewarded colour. For the 7-location array, the proportion of correct 
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first choices of the SA was .50 (SD = .04), and .51 (SD = .05) in the 14-location array. 

Across all trials, the proportion of correct first choices remained around chance level of 

.5 (Figure 7.8). 

 

Figure 7. 8 The proportion of correct first choices made in the single alternation pattern 

across blocks of 100 training trials, with ± 1 SE bars. 

 

Single Alternation: Test Trials. In the 25-location array, the proportion of 

correct first choices of the SA was .50 (SD = .05) in the unpredictable trials, and .50 (SD 

= .04) in the predictable trials, suggesting that subjects performed similarly in both 

conditions. The means for each subject and the order they completed each condition are 

shown below in Figure 7.9. 
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Figure 7. 9 The proportion of correct first choices of the single alternation pattern for 

each subject in the 25-location array, with ± 1 SE bars. 

 

To assess ability to detect the SA in the 25-location array, a 6 (Blocks) x 2 

(Condition) ANOVA was carried out. A significant interaction of Blocks x Condition 

was found, F (5, 15) = 4.23, p < .05, with post hoc paired-sample t-tests indicating that 

in block 6, subjects performed significantly better in the predictable condition compared 

to the unpredictable condition, t (3) = 3.81, p < .05. However, there was no significant 

effect of Condition, nor Blocks. There was no significant linear component for Blocks, 

suggesting that performance remained relatively constant across the trials. 

To compare performance against chance level across each array size, one-

sample t-tests were used. As subjects appeared to avoid locations which never yielded a 

reward, subjects had a 3/6, 6/12, and a 10/20 chance to select a rewarded location on 
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their first choice of the SA in the 7-, 14-, and 25-location arrays respectively. One-

sample t-tests used a test statistic therefore of .5. The results indicated that subjects did 

not perform significantly better than chance level. As this pattern must be learnt across 

the trials, the last block of predictable trials was analysed separately. However, this was 

also non-significantly different from chance level, suggesting that baboons did not 

detect the temporal pattern or use this information to guide search. 

 

Double Alternation: Training Trials. The proportion of correct first choices 

within the DA made by subjects in the 7-location array was .51 (SD = .04), and .50 (SD 

= .04) in the 14-location array. The means are illustrated in Figure 7.10.  

 

 

Figure 7. 10 The proportion of correct first choices of the double alternation pattern 

across blocks of 100 training trials, with ± 1 SE bars. 

 

Double Alternation: Test Trials. In the 25-location array, the proportion of 

correct first choices of the DA was .50 (SD = .04) in the unpredictable test trials, and .50 
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(SD = .04) in the predictable condition, suggesting that subjects performed similarly 

across all trials. The means are shown below in Figure 7.11 for each subject.  

 

Figure 7. 11 The proportion of correct first choices made in the double alternation 

pattern, for each subject in the 25-location array, with ± 1 SE bars. 

 

A further 6 (Blocks) x 2 (Condition) ANOVA was run to assess learning of the 

DA. Results showed that there were no significant effects of Blocks, Condition, nor an 

interaction between the two factors. The trend analysis for this measure showed no 

significant linear component for Blocks, again suggesting that performance was similar 

across the trials. 
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One-sample t-tests to assess whether subjects were above chance at directing 

their first choice to a rewarded circle in the DA pattern were carried out. The test 

statistic of .5 was used, as subjects had a 2/4, 4/8, and a 6/12 chance to select a 

rewarded location of the DA on their first choice in the 7-, 14-, and 25-location arrays 

respectively. Results again found that subjects did not perform significantly better than 

chance level across the blocks, and within the last block of the predictable trials, further 

suggesting that subjects did not detect or use structured temporal information. 

 

Analysis of Runs. The design of the experiment enabled subjects to leave the 

testing stations at will, and therefore the baboons could terminate testing mid-trial or 

mid-block. To ensure the accuracy of the findings, the longest run of trials each subject 

completed without leaving the testing box (range = 49-65 trials) was analysed for the 

predictable trials. Analysing the last 8 trials of the longest runs, a one-sample t-test 

comparing the proportion of correct first choices subjects made of the SA and DA 

temporal patterns confirmed that subjects did not perform significantly above chance 

level.   

 

7.2.3 Discussion 

The foraging efficiency of baboons improved across trials. The number of 

selections, revisits, and selections of never rewarded locations showed a significant 

decline across trials of the 25-location array, and therefore an improvement as the trials 

progressed. The findings indicated that baboons were particularly proficient at avoiding 

locations which were never profitable, and were significantly less likely to select a 

location that never yielded a reward than chance level would predict. This was the case 

across the three array sizes (7, 14, and 25), suggesting that baboon LTM was very 

efficient across the trials. However, baboons showed a tendency to make a large number 

of selections until the completion of a trial, and a large number of revisits overall. 

Despite this, the finding that the number of errors made decreased across the trials, 

indicates that baboons learned to forage more efficiently as the experiment progressed.  

However, in this experimental foraging task, baboons did not appear to use 

differential search strategies when food availability could be predicted compared to 

when this was unpredictable. The proportion of correct first choices that baboons made 

to circles of the SA and to circles of the DA were not significantly different than 

expected by chance, indicating that baboons did not selectively direct their first choice 
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at the outset of a trial to a rewarded location. This appears to be an important difference 

in baboon and human cognition. 

 

7.3 Experiment 11 

In Experiment 10, baboons searched within a smaller array than that which 

humans experienced in the experiment described for Experiment 8. It is possible that 

fewer locations to-be-searched may result in a lower incentive to use a structured search 

strategy. Within larger arrays or spaces, for an efficient search individuals must be more 

selective about the locations they choose to visit. It may be the case that there was not 

enough incentive to learn cognitively demanding temporal patterns when a search of all 

locations did not produce a high cost. Additionally, baboons experienced a repeated 

measures design whereas humans completed trials of only one condition. Experiencing 

unpredictable trials initially may have had an effect on baboon performance in 

subsequent predictable trials, as they may have anticipated that all trials were 

unpredictable. To directly compare human and baboon performance, Experiment 11 

therefore tested humans within the same 5 x 5 array that baboons were presented with to 

assess whether this ability to detect temporal patterns across trials persists. 

 

7.3.1 Methods 

Participants. Nine participants (6 female and 3 male) from the university took 

part for either course credit or were paid a small fee for their time. Participants were 

aged between 18 and 28 years old (M = 21.22, SD = 3.27).  

 

Apparatus and Environment. The same touchscreen task as described for 

Experiment 1 was presented to participants, displaying the same array, coloured circles, 

and temporal patterns. The task was modified for human use, in accordance with the 

touchscreen task described in the two previous chapters. When a circle was touched, a 

click sound was played and the circle disappeared for 0.5 seconds to reveal an apple 

underneath the circle if a rewarded location was selected, or no image if an unrewarded 

circle was selected.  

 

Design and Procedure. The training trials were not required here and only the 

25-location array was presented. In accordance with Experiment 1, a repeated measures 

design was used. Participants completed 100 trials each of the predictable and 
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unpredictable conditions, whilst the order they experienced these conditions alternated 

between participants. Participants were instructed to find the hidden apples, and were 

given a short break between conditions, or when required. Each trial terminated once all 

virtual rewards had been found, and a black screen was presented asking the participant 

to press the space bar to continue. 

 

Measures. The same measures as described for Experiment 10 were analysed 

here, and results were analysed first to assess human performance, before being 

compared with the first 100 trials (block 1) baboons completed of both the predictable 

and unpredictable conditions.  

 

7.3.2 Results 

Overall Foraging Efficiency. 

Humans. The mean number of selections made by participants in the predictable 

condition was 12.65 (SD = 4.06), and 12.92 (SD = 4.74) in the unpredictable condition. 

The means are shown below in Figure 7.12. 

 

 

Figure 7. 12 The mean number of selections to the completion of a trial for human 

participants across the predictable and unpredictable conditions, with ± 1 SE 

bars. 
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A 5 (Blocks) x 2 (Condition) ANOVA was carried out which showed a 

significant effect of Blocks, F (1.48, 11.81) = 10.99, p < .01. No significant effect of 

Condition was found, nor a significant interaction of Blocks x Condition. A significant 

linear component was found for Blocks, F (1, 8) = 12.77, p < .01, which taken 

concurrently with Figure 7.12, indicates that participants became more efficient across 

the trials.  

 

Species Comparison. To compare the performance of humans and baboons, the 

mean number of selections made by both species across 100 trials of each condition are 

shown below in Figure 7.13.  

 

Figure 7. 13 The mean number of selections made by humans and baboons across the 

predictable and unpredictable conditions, with ± 1 SE bars. 

 

To assess differences between species, a 5 (Blocks) x 2 (Condition) x 2 

(Species) ANOVA was run. There was a significant effect of Blocks, F (1.58, 17.34) = 

15.32, p < .001, and a significant interaction of Blocks x Species, F (1.58, 17.34) = 

6.03, p < .05. A significant main effect of Species was also found, F (1, 11) = 224.62, p 
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< .001. Post hoc independent samples t-tests confirmed that in all 10 blocks, baboons 

made significantly more selections until the completion of a trial than humans, 

minimum t (3.08) = 4.94, p < .05. There was no significant effect of Condition, nor an 

interaction of Condition x Species, indicating that individuals of each species group 

made a similar number of selections in both the predictable and unpredictable trials. To 

compare the rate of learning between species, linear regression slopes were calculated 

for each condition for each species. An independent samples t-test analysed the slopes. 

There was a significant difference in slopes during the unpredictable trials, t (11) = -

3.50, p < .01, with baboons showing a steeper slope than humans, however there was no 

significant difference between the slopes of learning when comparing the predictable 

trials. As the unpredictable trials were experienced first by most of the baboons, this 

could be explained by the large number of selections made by baboons which showed a 

sharper decrease across the trials in comparison to human performance. 

 

Long Term Memory. 

Humans. In the predictable trials, participants made an average of .34 (SD = 

.97) selections to never rewarded circles, and .34 (SD = 1.12) selections to these circles 

in the unpredictable trials. Figure 7.14 below shows that humans selected relatively few 

circles that never yielded a reward. 
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Figure 7. 14 The mean number of never rewarded locations selected by humans, shown 

for each predictability condition, with ± 1 SE bars. 

 

A 5 (Blocks) x 2 (Condition) ANOVA was carried out which showed a 

significant effect of Blocks, F (1.35, 10.76) = 12.99, p < .01. There was no significant 

effect of Condition, nor an interaction of Blocks x Condition. A significant linear 

component was found for this measure, F (1, 8) = 15.69, p < .01, which in conjunction 

with Figure 7.14, indicates that participants showed a decline across the trials in the 

number of locations selected that never yielded a reward.  

 

Species Comparison. Comparing the performance of humans and baboons, the 

mean number of never rewarded locations selected by both species are shown in Figure 

7.15.  
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Figure 7. 15 The mean number of never rewarded locations selected by humans and 

baboons, shown for both the predictable and unpredictable conditions, with ± 1 

SE bars. 

 

A further ANOVA, 5 (Blocks) x 2 (Condition) x 2 (Species), indicated a 

significant effect of Blocks, F (1.80, 19.84) = 18.58, p < .001. A significant main effect 

of Species was also found, F (1, 11) = 32.25, p < .001, with independent samples t-tests 

indicating that baboons made significantly more visits to never rewarded circles than 

humans, t (3.10) = 3.71, p < .05. All other effects and interactions were non-significant. 

To compare the rate of learning between species, an independent samples t-test 

compared the linear regression slopes of each condition for each species, which showed 

no significant differences. For both the predictable and unpredictable conditions, both 

species learned which locations to avoid at a similar rate.  
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Working Memory. 

Humans. Participants made an average of .93 (SD = 2.51) revisits to locations 

previously searched within the same trial in the predictable condition, compared to .78 

(SD = 2.63) revisits made in the unpredictable condition. The means are shown in 

Figure 7.16. 

  

Figure 7. 16 The mean number of revisits made by human participants across each 

condition, with ± 1 SE bars. 

 

The results of a 5 (Blocks) x 2 (Condition) ANOVA showed a significant effect 

of Blocks, F (1.97, 15.75) = 6.21, p < .05. Confirming that participants performed 

similarly in both conditions, there was no significant effect of Condition, nor an 

interaction of Blocks x Condition. A significant linear component was found for Blocks, 

F (1, 8) = 18.80, p < .01. This, in accordance with Figure 7.16, indicates that 

participants made fewer revisits as the trials progressed. 

 

Species Comparison. To compare the performance of humans and baboons, the 

means across each block of trials for both species are shown in Figure 7.17.  
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Figure 7. 17 The mean number of revisits made by humans and baboons across the 

predictable and unpredictable conditions, with ± 1 SE bars. 

 

A further 5 (Blocks) x 2 (Condition) x 2 (Species) ANOVA was carried out. A 

significant effect of Blocks, F (1.36, 14.91) = 11.87, p < .01, a significant interaction of 

Blocks x Species, F (1.36, 14.91) = 9.09, p < .01, and a significant main effect of 

Species, F (1, 11) = 186.41, p < .001, was found. Independent samples t-tests again 

indicated that baboons performed significantly worse, and made more revisits than 

humans across all blocks of trials, minimum t (3.00) = 4.60, p < .05. There was no effect 

of Condition, nor an interaction of Condition x Species, indicating that performance was 

similar across both predictability conditions. To compare the linear regression slopes in 

the rate of learning between species, an independent samples t-test revealed a significant 

difference in the unpredictable condition only, t (3.02) = -3.44, p < .05. Baboons 

showed a steeper slope across these trials. The order in which baboons completed the 

conditions, may explain the steeper decline in the unpredictable trials compared to 

humans.  
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Detection of Temporal Patterns. 

Single Alternation: Humans. Participants made an average of .62 (SD = .49) 

correct first choices of the SA in the predictable condition, and .50 (SD = .50) correct 

first choices in the unpredictable condition. The proportions of correct first choices 

made by humans for this temporal pattern are shown in Figure 7.18. 

 

 

Figure 7. 18 The proportion of correct first choices of the single alternation pattern 

made by humans, across the two conditions, with ± 1 SE bars. 

 

To first of all assess whether humans detected the SA temporal pattern, a 5 

(Blocks) x 2 (Condition) ANOVA was carried out. There was a significant effect of 

Condition, F (1, 8) = 6.41, p < .05, with a paired samples t-test showing that humans 

made significantly more correct first choices of the SA in the predictable trials than the 

unpredictable trials, t (8) = 2.53, p < .05. There was no significant effect of Blocks, nor 

an interaction between the two factors. With chance level set at .5 to assess whether 

participants initially selected a rewarded location, one sample t-tests confirmed that 

participants made significantly more correct first choices in the predictable trials than 
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chance level, t (8) = 2.79, p < .05, whilst performance was not significantly different to 

chance level in the unpredictable trials.  

 

Single Alternation: Species Comparison. The proportion of correct first choices 

of the SA pattern are shown below in Figure 7.19, for both humans and baboons. 

 

Figure 7. 19 The proportion of correct first choices of the single alternation pattern 

made by humans and baboons, with ± 1 SE bars. 

 

A further 5 (Blocks) x 2 (Condition) x 2 (Species) ANOVA was carried out. 

There was no significant effects of Blocks, Condition, or Species, nor any significant 

interactions between the factors. However, as the temporal pattern must be learnt across 

trials, it is likely that this pattern was not detected until the end of the predictable trials, 

and therefore any differences between species in their ability to detect this may not be 

apparent across all trials. A one-way ANOVA was run which indicated that in the last 

block of predictable trials, humans made significantly more correct first choices than 

baboons, F (1, 11) = 8.32, p < .05. Performance was not significantly different in the 

last block of unpredictable trials. Using linear regression slopes, an independent 
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samples t-test comparing the slopes between species did not find statistically significant 

differences across either the predictable or unpredictable trials. 

 

Double Alternation: Humans. Participants appeared to perform similarly in the 

predictable (M = .52, SD = .50) and the unpredictable trials (M = .51, SD = .50), when 

considering the proportion of correct first choices made in the DA pattern. This is 

shown in Figure 2.20, across both conditions. 

 

 

Figure 7. 20 The proportion of correct first choices made by humans in the double 

alternation pattern, for both conditions, with ± 1 SE bars. 

 

To assess whether humans learnt the DA temporal pattern, a 5 (Blocks) x 2 

(Condition) ANOVA was carried out. Findings showed a significant interaction of 

Blocks x Condition, F (4, 32) = 4.21, p < .01, with paired sample t-tests indicating that 

within Block 2, performance was higher in the unpredictable condition than the 

predictable trials, t (8) = -2.96, p < .05. However, there was no significant effect of 

Blocks nor Condition. One sample t-tests, with chance level set at .5, indicated that 
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performance was not significantly higher than chance would predict. This was also the 

case when comparing the last block of predictable trials against chance level.  

 

Double Alternation: Species Comparison. Comparing the performance of both 

humans and baboons on this measure, the proportion of correct first choices made by 

both species within the DA is shown in Figure 2.21 below.  

 

Figure 7. 21 The proportion of correct first choices of the double alternation pattern 

made by humans and baboons, with ± 1 SE bars. 

 

A 5 (Blocks) x 2 (Condition) x 2 (Species) ANOVA was carried out, which 

showed no significant effects nor interactions between the factors. A comparison 

between species in the last block of the predictable condition using a one-way ANOVA 

also showed no significant differences. A further independent samples t-test comparing 

the linear regression slopes confirmed that both humans and baboons showed a similar 

rate of learning, and revealed no significant differences between the slopes.  
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7.3.3 Discussion 

Humans were efficient at searching the array, and quickly learned which 

‘species’ yielded rewards. Baboons made significantly more visits to never rewarded 

locations than human participants, however both species made relatively few visits to 

these locations overall, indicating that all subjects were proficient in learning which 

locations were always unprofitable. The comparison further showed that baboons made 

significantly more selections and revisits during a trial than humans, across all blocks of 

each condition, suggesting that inter-species differences exist in overall foraging 

efficiency and WM ability. 

The results also indicated that humans detected the SA temporal pattern across 

trials and used this information to direct their first choice at the outset of a trial to a 

rewarded location. By the last block of trials, humans made significantly more correct 

first choices of the SA pattern than baboons who appeared to continue to perform at 

chance level. However, no significant effect was found for the DA pattern, suggesting 

that humans were unable to detect the second temporal pattern in this array of locations, 

and showed a similar level of performance as baboons. This disparity in the findings of 

this experiment compared to the findings reported in Chapters 4 and 5 which found that 

humans detected both patterns of reward availability, could be explained by the smaller 

search array presented which may provide a lower incentive for restrictive search. For 

baboons, it could also be the case that this task did not provide enough incentive to 

restrict searches and to detect the temporal patterning of reward availability. However, 

baboons did largely restrict their search to locations of rewarded or potentially rewarded 

colours and tended to avoid purple circles which never yielded a reward, therefore a 

lack of motivation does not fully explain this finding.  

 

7.4 General Discussion 

Baboons became more efficient in their search and showed an improvement in 

overall search efficiency, LTM, and WM ability. However, baboons did not reach the 

level of efficiency over three thousand trials, as that shown by humans in Experiment 

11. Baboons appeared unable to detect the temporal patterns of food availability across 

the trials, or at the very least did not use this information to direct their first choice on 

future trials to a location that was most likely to be yielding a reward. These findings 

suggest that an ability to detect structure during search may be an important cognitive 

difference between humans and baboons.  
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7.4.1 Baboon Cognition 

The findings of this chapter highlight the value of this foraging task, as it 

afforded a comparative assessment of high-level cognitive skills which is less 

achievable with VR. The proficiency shown by baboons in LTM is consistent with 

previous findings which have shown a large LTM capacity in this species (Fagot & 

Cook, 2006), with the current findings suggesting that baboons are particularly efficient 

at learning and remembering across the experiment which locations are never profitable. 

Baboons in the current task did not appear to benefit from temporal structure however, 

suggesting that this ability to detect structure may be an important inter-species 

difference. Consistent with this finding, Noser and Byrne’s (2010) results suggested that 

planning abilities of baboons appeared limited, whilst in a Corsi-type task, Fagot and De 

Lillo (2011) suggested that an ability to detect and use spatial structure may be a notable 

difference between humans and baboons. However, the design of the current task 

allowed baboons to terminate testing mid-trial if they left the testing station, which then 

led to that individual starting mid-trial when they re-entered the box. This may have 

prevented baboons from detecting temporal structure, as unlike the task with humans, 

testing was intermittently paused. Nevertheless, further analyses were not indicative of a 

tendency to detect the temporal patterns, even when runs of trials where no breaks were 

taken were analysed. Baboons may have employed a win-stay-lose-shift search strategy 

which would not require any patterns across trials to be learnt (see Nowak & Sigmund, 

1993), which is a successful search strategy to use particularly in uncertain 

circumstances (Posch, 1997). 

 

7.4.2 Detection of Temporal Structure 

The finding that baboons did not benefit from temporal structure appears to be 

consistent with Milton’s (1981; 1993) hypothesis which proposed that frugivorous 

species evolved sophisticated cognitive abilities, due to the requirements of foraging on 

ephemeral resources. As baboons are typically omnivorous (Napier & Napier, 1967; 

1985) and evolved within ancestral savannah environments (Jolly, 2001), baboons may 

not possess the cognitive skills required for foraging on ephemeral resources within a 

forest environment. Baboons did not show the same ability to detect when food will be 

available in this task as frugivorous primates show in their natural habitats (Janmaat et 

al. 2006; 2012; 2013a). A study by Wahungu (1998) directly compared the foraging 
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behaviour of baboons and frugivorous mangabey monkeys. When fruits were scarce, 

baboons followed a foraging strategy which exploited open woodlands, whilst 

frugivorous mangabeys continued to forage within the forest. When fruits become more 

abundant, baboons switched their foraging strategy and moved into the forest to find 

fruit. This supports the notion that baboons may not have evolved the cognitive 

competences required for foraging on ephemeral resources, or that baboons may have 

lost these abilities across evolutionary time as their ability to digest a more varied diet 

evolved. In light of the present results, it can be suggested that the cognitive skills 

required to detect and learn the seasonality of ephemeral resources may have evolved in 

hominins before the move to a savannah environment, where our ancestors are thought 

to have inhabited a woodland environment (White et al. 2009). The persistence of these 

cognitive abilities in humans today despite a shift to a more omnivorous diet, suggests 

that an ability to detect structure during foraging played a large and significant role in 

human survival.  

 

7.4.3 Conclusions 

The foraging task presented allowed the exploration of similarities in human and 

baboon cognition, and to consider where differences lie. The present results are 

consistent with the notion that diet was an important factor in the evolution of high level 

cognitive skills, and suggest that important differences in the use of structure exist 

between humans and baboon species. Nevertheless, the findings here leave open 

avenues for further research with non-human primates. To further investigate the 

hypothesis that diet triggered the emergence of larger brains and sophisticated cognitive 

skills in primates (Milton, 1981; 1993), implementing this experimental foraging 

paradigm with predominantly folivorous and frugivorous primates would allow further 

insights into the evolution of primate cognition.   
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Chapter 8: General Discussion 

 

8.1 Detecting Structure 

The search for structure is prevalent amongst humans. Finding patterns in 

stimuli allows us to reduce the amount of information to be processed and prevents an 

overload of information. The evolution of superior pattern processing in humans is 

thought to be due to the expansion of the cerebral cortex, and is also often seen across 

non-human primates (Mattson, 2014). Whilst the patterns and similarities between 

incidents we experience can be misinterpreted, an evolutionary biology model suggests 

that this is an evolutionarily adaptive approach if this ability to recognise patterns 

results in a large fitness benefit (Foster & Kokko, 2009). Chater (1996; 1999; Chater & 

Vitanyi, 2003) proposed that this propensity to find patterns in stimuli, is often found by 

identifying the one that offers the simplest explanation. Pothos and Chater (2002) found 

that humans spontaneously organised stimuli into categories based on the simplest 

choice, whilst Iyengar and Kamenica (2007) found that when participants faced a larger 

number of choices they showed a preference for the simplest and easily-understandable 

options. Humans appear to show a preference for the simplest route through an 

environment (De Lillo, 2012), which can also be considered as those which follow the 

structure of the search array. Recall accuracy has been found to be higher when 

sequences to-be-recalled followed the structure of the array, thus when subsequent 

locations in a sequence were within the same row, column or diagonal line (Bor et al. 

2003). Further studies provided evidence to suggest that humans benefit from the 

structure of spatial arrays when locations also represent a patchy foraging space. Recall 

accuracy was improved when locations were arranged as clusters on-screen and 

subsequent locations within a sequence to-be-recalled were within the same cluster 

before switching to the next cluster of locations (De Lillo, 2004; De Lillo & Lesk, 

2010). This tendency to benefit from spatial structure was also found when participants 

searched arrays of locations arranged as either clusters or matrices within VR 

environments (De Lillo & James, 2012), further supporting the notion that humans base 

search on structure and simplicity principles.  

 

8.2 Experimental Chapters 

This thesis aimed to further characterise this propensity to detect and use 

patterns within spatial search, in particular by assessing ability to use structure; a 
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concept fundamentally related to simplicity. To understand foraging and search 

behaviour, many models including optimal foraging theory (Charnov, 1976) use energy 

and travel distance to explain how individuals regulate behaviour. A desire to reduce 

cognitive load and travelling distance both result in choosing the route or pattern that is 

the shortest, or the simplest, therefore these two principles can easily become entangled 

within the literature. To consider cognition comparatively, the methodologies used 

aimed to assess humans within paradigms designed for use with non-human species, or 

derived from studies observing primates in natural foraging situations. Whilst it is 

indeed important to design experiments to test animal cognition in a meaningful way for 

individual species, for comparison with humans it is equally important, yet often over-

looked, to test humans within these paradigms also. The initial experiment presented 

allowed us to distinguish between the motivating principles of search and to further 

investigate and characterise the use and benefits of structure in spatial memory. This 

ability to find and benefit from structure in stimuli was considered throughout in 

relation to being a specific evolutionary adaptation to reduce memory load in humans, 

whilst this thesis also considered results in relation to non-human findings. Both the 

physical structure of a search environment and the conceptual structure of information 

to be held in memory were assessed in this series of VR and touchscreen-based search 

tasks. 

 

Chapter 2: The Role of Distance Travelled. A motivation to reduce cognitive 

load and travelling distance is often considered one of the same within spatial and visual 

search paradigms. To address this confound, the initial experiment employed ISSR 

within a VR environment (see De Lillo & James, 2012). Participants were required to 

follow a particular route through a series of locations before recalling the sequence, 

where sequences to-be-recalled were either structured, which required participants to 

make subsequent visits to locations which were in the same cluster, row, or column 

before moving to the next, or were unstructured, which violated this rule and subsequent 

visits to locations involved switching clusters, rows, or columns. Bor et al.’s (2003) 

findings indicated that the DLPFC, an area of the brain thought to be specific to WM 

capability, showed increased activation when structured sequences were shown to 

participants, suggesting that the DLPFC is associated with high-level cognitive 

functions involved in the search for structure. Assessing humans within spatial arrays 

initially designed for use with capuchin monkeys (De Lillo et al. 1997), this VR 
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experiment allowed the manipulation of cognitive load and travelling distance which is 

otherwise impossible within an observational or free-search study, to disentangle these 

two motivations behind search.  

The results showed that despite a further travelling distance, recall accuracy was 

higher when sequences to-be-recalled followed a structured trajectory through a large 

search space, compared to when sequences followed an unstructured path through a 

small search space. This experiment was the first to distinguish between search 

efficiency explanations based on cognitive economy and travelling distance, with this 

finding suggesting that humans are motivated by a desire to reduce cognitive load over 

decreasing travelling distance. In accordance with previous research (Bor et al. 2003; 

De Lillo, 2004; De Lillo & James, 2012), the presentation of spatial information which 

followed the structure of the search array, resulted in more accurate recall suggesting 

that memory load was eased.  

In an exhaustive search task, capuchin monkeys were found to spontaneously 

visit each location within a cluster before moving to the next (De Lillo et al. 1997), and 

appeared to develop linear search strategies across the trials (De Lillo et al. 1998), 

suggesting that non-human primates also possess a proficiency for a higher order ability 

to detect and use structure. However, only ISSR allows the manipulation of the paths to 

be followed through the search space to experimentally assess the relationship between 

structured search and accuracy. An on-screen ISSR task found that baboons did not 

benefit from structured sequences unlike humans (Fagot & De Lillo, 2011). Whilst 

baboons do not appear to show a tendency to exploit spatial structure, it is unclear 

whether capuchin monkeys and other primarily frugivorous species would show similar 

tendencies to humans within an ISSR task, which is cause for further investigation. 

Whilst the findings of this experiment showed that humans benefit to a greater 

degree from the structure of pathways despite a longer travelling distance, this could 

also reflect a desire for participants to avoid becoming lost in smaller environments 

where pathways to-be-followed are unstructured which would result in further time and 

energy spent searching locations already depleted. In this way, findings can be seen to 

be consistent with an optimal foraging strategy (Charnov, 1976) as participants aimed to 

minimise the costs of future revisits, expending additional energy. Overall, this 

tendency for humans to benefit from the structure of sequences to-be-recalled, despite a 

further distance to-be-travelled, strongly suggests that the benefits of reducing memory 
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load during search outweighs the costs of a further travelling distance and is an 

important motivating factor of search. 

 

Chapter 3: Chunking within Spatial Working Memory. The initial 

experimental chapter highlighted the benefit of spatial structure during search by 

humans to promote cognitive economy, however data-reducing strategies in the form of 

chunking have also been claimed to be used by rats (Dallal & Meck, 1990; Macuda & 

Roberts, 1995). Chunking is an efficient search strategy in humans (Miller, 1956), 

however the tasks used to assess this differ from the chunking paradigm used with rats. 

Rats appeared to reduce memory load by visiting arms within a radial maze which 

contain all of a preferred food type first, before visiting arms containing another food 

type, and finally arms containing the least preferred food. However, searching for food 

within a search space is an ecologically different task from those used to assess verbal 

chunking in humans (Cohen et al. 2003), thus this set of experiments assessed humans 

within this search condition.  

Locations within this task were arranged as a matrix which hid virtual foods, and 

findings indicated that participants spontaneously showed a strong tendency to use the 

structure of the search space to learn where the food rewards were located, as opposed 

to using the type of food found at each location to aid memory. When asked to use a 

chunking by food type strategy, participants learned where each food type was located, 

which suggested that humans are also efficient at learning to use this strategy during 

search. Humans also spontaneously and efficiently used the structure of the search space 

when searching within a radial maze, and searched for foods by visiting adjacent or 

opposite arms of the maze. These findings highlighted the importance of assessing 

humans within paradigms designed to assess animal cognition, to ascertain where 

similarities and differences lie. In contrast to rat behaviour, humans did not appear to 

use the items found at each location to guide search when given the opportunity to do 

so, which is an important distinction to make between rodent and human cognition. In 

the present set of experiments, the preferred search strategy was to search using the 

structure of the search space which could also be explained by a proximity-based 

strategy, though further research is required to disentangle these two principles.  

It is possible that humans did not have a real food incentive to chunk preferred 

items together unlike rats who may follow an optimal strategy to exploit patches with 

the most profitable items first (Charnov, 1976; Cohen et al. 2003). Memory for where 
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the preferred food type is may indirectly result in an organised and efficient search 

pattern, whilst humans in contrast appear to choose the simplest search strategy which 

follows spatial structure. How humans would choose to search for real food items 

within a radial maze is perhaps an idea for future research. However, it is clear that 

humans do not spontaneously use a chunking by food type strategy as a method to ease 

memory load within a hidden food paradigm in a VR search space. It can be suggested 

that humans, and perhaps non-human primates, may encode structure differently from 

non-primates, and it is possible that this proficiency to detect structure is related to the 

emergence of higher order cognition in primate species. 

 

Chapter 4: Detection of Temporal Structure in Search. Due to the cognitive 

differences expressed within Chapter 3 between rats and humans, the experiments 

outlined in Chapter 4 aimed to address specific adaptations that may pertain only to 

primates in their ability to detect and use structure in search. Frugivorous foraging 

behaviour for ephemeral and patchily-distributed fruits is thought to have triggered 

high-level cognitive skills and cerebral expansion in primates (Milton, 1981a). The 

cerebral expansion seen within the primate order is particularly apparent in the frontal 

lobes (Semendeferi, Lu, Schenker & Damasio, 2002) which contain the DLPFC - an 

area found to be related to WM and an ability to benefit from structure in humans (Bor 

et al. 2003) – and may also pertain to non-human primates. The selective pressures of 

foraging for ephemeral resources may have impacted human evolution, and whilst we 

cannot be sure of the exact conditions our hominin ancestors faced, evidence suggests 

that hominins evolved within forest environments prior to a savannah (White et al. 

2009). This suggests that early hominids evolved within similar environments as those 

experienced by chimpanzees today, making chimpanzee foraging a useful basis on 

which to assess human cognitive skills. Recent studies observing primates suggest that 

they are able to predict which locations will be most profitable to travel to (Janmaat et 

al. 2013a; Janmaat et al. 2012), and suggest that chimpanzees use flexible Euclidean 

maps to direct their searches (Normand & Boesch, 2009). However, these studies are 

observational, and many environmental factors may influence foraging behaviour. 

Associative learning theories would make different predictions to explain foraging 

behaviour, as it may be the case that individuals use visual cues to guide search, such as 

the colour of ripe fruit, and acquisition of spatial information is not necessary for this. It 
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is thought that if a particular salient cue is attended to, then an individual is less likely to 

attend to an equally predictive though less salient second cue, producing an 

overshadowing effect (Mackintosh, 1971; 1976). 

This set of experiments required participants to search for hidden apples within a 

large matrix of locations. Two experiments indicated that participants were highly 

efficient at detecting which locations yielded rewards, and avoiding unrewarded and 

previously visited locations. Participants spontaneously directed their searches towards 

those locations that were most likely to be yielding fruit at the start of a given trial. 

Participants were able to efficiently do this when one temporal pattern of food 

availability was presented across the trials, and also when the complexity of this 

temporal patterning increased. The finding that humans show a strong propensity for 

detecting and monitoring temporal patterns, is consistent with the behaviour shown by 

non-human primates (Janmaat, Ban & Boesch, 2013a; Janmaat, Ban & Boesch, 2013b; 

Janmaat et al. 2012). Within this task however, there is very little incentive for 

participants to do this, as a win-stay lose-shift strategy would not be expensive in terms 

of time and effort. The finding that humans show this tendency to use temporal structure 

to direct search is compatible with the notion that humans, and perhaps primates, have 

evolved a specific adaptation due to selective pressures of foraging on patchy and 

ephemeral resources, to detect structure in stimuli to minimise effort expended during 

search.  

Experimentally disentangling the visual and spatial cues available in this 

foraging task, showed that humans did acquire spatial knowledge of food rewards when 

visual cues were removed. The removal of the visual cue of colour had a detrimental 

effect on performance compared to the performance by participants who only had 

spatial cues available from the outset. Typically, tasks assessing associative learning 

principles, including overshadowing, use tasks that require a single response per trial 

(Mackintosh, 1971; 1976; Prados, 2011; Kosaki et al. 2013), whilst the findings here 

showed for the first time that overshadowing occurs within a foraging paradigm 

requiring the search for multiple items. Additionally, these findings suggest that whilst 

visual cues were relied on to an extent when they were available to use, humans were 

able to find the hidden rewards using only spatial cues. Removal of cues from a 

naturalistic forest environment is impossible to do, however this result supports the 

notion that it is possible that within these environments, non-human primates who 

forage throughout their home range daily, do acquire spatial knowledge to some extent 
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of their environment. It is possible that searches are guided by visual cues such as the 

colour of ripe fruit, though these results do not rule out the notion that primates build 

mental spatial representations, which further research with primates using this foraging 

paradigm would help to determine.  

 

Chapter 5: Effects of Ageing in the Detection of Temporal Structure. The 

set of experiments outlined in Chapter 4 provided an ecologically valid, and suitable 

experimental paradigm to assess multiple cognitive competences within a foraging 

situation. This task afforded the unique opportunity to assess the effect of ageing on a 

number of cognitive skills within a task derived from naturalistic situations. In older 

adults, many studies suggest that memory and cognitive performance declines (van 

Hooren et al. 2007; Hills et al. 2013; see Bishop et al. 2010, for a review) which is also 

found within spatial memory and foraging tasks (Moffat et al. 2001; Mata et al. 2009; 

Zancada-Menendez et al. 2015). Park et al. (2002) found a linear decline for tasks 

including the use of WM, LTM, and speed of processing, which are abilities specifically 

pertinent to foraging behaviour. Specifically, age-related differences have been found to 

be specific to tasks dependent on the DLPFC (MacPherson et al. 2002), suggesting that 

tasks investigating ability to detect structure may be a valuable method to assess ageing. 

Phillips et al. (2006) additionally stated that to more accurately assess human ageing, 

ecologically valid and naturalistic tasks must be used. However, a task based upon 

search for items within a supermarket may not tap the relevant cognitive skills required 

within a forest environment, where hominin cognition is thought to have initially 

evolved (Milton, 1981a; White et al. 2009), suggesting that a foraging task is the most 

evolutionarily-relevant task to use.  

In a touchscreen version of the task employed in Chapter 4, both young and 

older adults became more efficient foragers across the trials. However, older adults did 

not reach the same level of accuracy in detecting the temporal patterns of reward 

availability across the trials as younger adults, suggesting that cognitive abilities reliant 

on the DLPFC show a decline with age (MacPherson et al. 2002). The results also 

indicated that older adults had detected the temporal patterns and were using this 

information, albeit not to the same accuracy or at the same rate as younger adults. This 

suggests that whilst older adults showed a deficit in detecting and using structured 

temporal information, they did not show an inability to benefit from structure. Older 
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adults also appeared to be less efficient foragers across the trials and took significantly 

longer to learn which locations never yielded a reward and should be avoided than 

younger adults, however, the learning rates across the trials indicated that older adults 

did not perform significantly differently in terms of selections and revisits than younger 

adults. The results of this chapter indicated that within this ecologically valid task 

assessing the use of structure within search - an ability which is thought to rely on the 

DLPFC - effects of age are evident. To further this, research using fMRI would help 

advance our understanding of the role of the DLPFC during search, and how it is 

affected in ageing participants.  

 

Chapter 6: Developmental Changes in Foraging Efficiency. As the results of 

the experiments described in Chapter 5 demonstrated that this foraging paradigm was 

sensitive to effects of ageing, Experiment 9 assessed whether this task would also detect 

differences between developmental age groups. Within evolutionary psychology, it is 

thought that cognitive mechanisms serve different advantages at different stages of 

development and maturity (Bjorklund & Bering, 2002). More specifically, research 

shows an increase in WM span performance as age increases (Farrell Pagulayan et al. 

2006; Gavens & Barrouillet, 2004; Hamilton et al. 2003), and a developmental increase 

in ability to use rules (Frye et al. 1995; Zelazo et al. 1996; Siegler & Chen, 1998). In 

relation to pattern detection, Diamond (2002) suggested that cognitive functions related 

to the DLPFC show a continuous improvement into early adulthood, which suggests 

that an ability to detect and benefit from structure (see Bor et al. 2003) may also show a 

developmental trend. To investigate foraging efficiency further, primary school children 

aged 5-11 years old were assessed using the same foraging touchscreen task as 

administered in the experiment described in Chapter 5.  

Children appeared to show a developmental trend in terms of overall efficiency 

and LTM. Children in the intermediate and oldest age groups showed a greater rate of 

improvement across the trials compared to children in the youngest age group, whose 

performance did not appear to improve across the trials. This improvement across the 

trials for the number of selections made and the number of never rewarded locations 

selected suggested that older children had started to learn that within a trial, particular 

colours, or ‘species’, were rewarded, and that two species were always rewarded, 

showing evidence of pattern detection. As an ability to detect and benefit from structure 
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is thought to be reliant on the DLPFC, this finding suggests that this area of the brain 

continues to develop across childhood, and perhaps into early adulthood. In relation to 

WM ability however, children of the intermediate age group appeared to make the 

greatest number of errors, which is in contrast with previous research showing a 

developmental trend in WM ability (Farrell Pagulayan et al. 2006; Gavens & 

Barrouillet, 2004; Hamilton et al. 2003). However, it should be acknowledged that the 

number of items to search was large and the temporal pattern was complex. An initial 

pilot study may have helped to improve the methodology implemented. For instance, 

increasing the number of locations presented by using an incremental procedure may 

give a more accurate understanding of where these cognitive competences necessary for 

efficient foraging may develop. Additionally, presenting a less complex single temporal 

pattern, also may provide a more accurate representation of temporal structure 

recognition in children. Overall, these findings are compatible with evolutionary 

developmental theories (see Bjorklund & Bering, 2002), as there was a clear effect of 

age across the measures. This suggests that cognitive competences develop and become 

more advanced as they age, which is consistent with the notion that the cognitive skills 

required for efficient foraging benefitted older children who were more likely to have 

experienced foraging pressures to a greater degree than younger children (Bjorklund & 

Bering, 2002). Further work assessing where efficient foraging competences develop in 

children using an incremental version of this paradigm would further our understanding 

of these cognitive skills; in particular, an ability to detect temporal structure.  

 

Chapter 7: Detection of Temporal Structure in Baboons, Papio papio. The 

experiments described effectively demonstrate that the foraging task employed was a 

useful paradigm to assess foraging efficiency and detection of temporal structure. As 

this paradigm has proved valuable in the assessment of spatial cognitive competences 

across different populations, this task also afforded the assessment of a non-human 

primate species. Spatial tasks are primarily non-verbal, thus they are particularly useful 

to assess spatial ability across species using the same experimental task. However, 

findings from experiments with humans only allow inferences to be made about human 

cognition, and an experimental assessment of primate behaviour under these conditions 

was required to investigate the differences and similarities in primate cognition. The 

touchscreen task initially described in Chapter 5 allowed a unique opportunity to 
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experimentally assess the cognitive competences that this task affords with a group of 

touchscreen-trained baboons.  

The findings indicated that baboons became more efficient foragers and made 

fewer selections, revisits, and visits to never rewarded locations as the task progressed. 

Baboons were particularly efficient at avoiding non-profitable locations, and quickly 

learned to avoid locations that never yielded a food reward. Further findings indicated 

that inter-species differences occurred with regard to an ability to detect temporal 

structure, as baboons did not appear to use temporal information to direct searches to 

profitable locations. In comparison with humans, both species made relatively few visits 

to never rewarded locations. Humans were able to detect the SA temporal pattern that 

was presented across the trials, and were more likely to direct their first choice on a trial 

to a rewarded location than baboons. This suggests that an ability to benefit from 

temporal structure may be an important difference between human and baboon 

cognition. However, it should be noted that baboons were able to leave their testing 

boxes at will, and it is therefore possible that baboons did not detect temporal patterns 

of food availability due to pausing the experiment regularly. Runs of trials were 

therefore analysed in which baboons did not leave the testing box, though these were 

not indicative of an ability to detect temporal structure.  

These findings may be explained by the notion that baboons are not primarily 

frugivorous, and their diet is more opportunistic (Napier & Napier, 1967; 1985). Many 

baboon traits seen today may be due to their adaptations from living on a savannah 

(Whiten, Byrne, Barton, Waterman & Henzi, 1991), and so an ability to detect fruiting 

patterns would not have been as advantageous within this environment as it would be 

within a forest. Similarly, it is possible that as omnivorous and flexible foragers, an 

ability to detect patterns of food availability was redundant to baboon evolution, as 

other food sources were accessible and exploited. However, it should also be 

acknowledged that in this experiment, humans did not detect the DA temporal pattern, 

therefore we should be cautious stating that baboons may not be able to detect temporal 

structure. The temporal patterns presented were also complex, and it is unclear whether 

a single temporal pattern would have been detected and exploited. Further research 

investigating this cognitive competency in baboons would better our understanding of 

this issue, perhaps using a large-scale foraging search space which would require travel 

between food locations, and altering the temporal pattern presented. It is possible that an 

ability to detect structure in this way evolved later down the primate lineage, and was 



180 
 

advantageous for an early ancestor of chimpanzees and humans. Therefore, it would 

also be beneficial for future research in this domain to compare frugivorous and 

folivorous primates within this task to experimentally assess an ability to detect and 

benefit from structure. These results demonstrated a successful implementation of a 

sophisticated cognitive task with a non-human species, providing evidence for the first 

time that the foraging paradigm developed here can be successfully used comparatively. 

 

8.3 Sex Differences 

A further question this body of work aimed to investigate was the issue of sex 

differences in spatial memory and in ability to detect and use structure. Many studies 

investigating human spatial memory report sex differences, with males outperforming 

females in tasks using geographical and Euclidean information (Lawton, 1994; Saucier 

et al. 2002), dynamic spatial ability (Law et al. 1993), and mental rotation (Moffat et al. 

1998), whilst females show a proficiency for object location (Voyer et al. 2007; 

Silverman et al. 2007; Buss, 2009). The predominant evolutionary theory to explain this 

difference in humans is the hunter-gatherer hypothesis (Silverman & Eals, 1992) based 

upon the division of labour that humans experienced throughout evolutionary history, 

with a more recent explanation proposing that a male advantage in spatial cognition 

occurs across species due to inter-male competition and sexual selection, in Ecuyer-Dab 

and Robert’s (2004) twofold selection process. 

Within the ISSR task described in the first experimental chapter there was a 

robust sex difference, with males largely outperforming females. Male participants 

overall made more correct responses and recalled the path sequences more accurately 

than females, consistent with evolutionary theories of sex differences proposing that 

males evolved superior spatial memory skills. Despite a trend for a male advantage 

when locations were arranged in clusters, females did not perform significantly 

differently to males in these trials. This suggests that females may have a propensity for 

foraging within patchy environments, resulting in a more similar level of performance 

by both sexes. These findings are compatible with the notion that selective pressures for 

enhanced spatial abilities were present in males due to their hunting role during the 

EEA, whereas a females’ role required search through small scale, patchy spaces, 

resulting in a more proximal search strategy (Silverman & Eals, 1992). These findings 

are also consistent with the view that superior spatial ability was shaped by male 

competition and sexual selection, whilst female spatial abilities favour a more proximal 
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strategy due to mothering constraints (Ecuyer-Dab & Robert, 2004). Concerning an 

ability to detect temporal structure, when two concurrent temporal patterns were 

presented, females in the partially predictable condition made more selections until the 

completion of a trial than males. However, this occurred only at the outset of the 

experiment, and suggests that females were initially impaired by the unpredictability of 

the temporal patterning to a greater extent than males, which also lends support to the 

notion of superior navigational skills in males. Once the visual cue of colour was 

removed, females also appeared to show a greater impairment, which supports previous 

research showing a greater reliance on landmarks in spatial tasks by females (Lawton, 

1994; Saucier et al. 2002). However, male and female ability to detect temporal 

structure did not differ across the experiments, and all participants appeared to learn the 

temporal patterns significantly better than chance level. A clear effect of sex was also 

found when assessing children on this foraging task. Once again, a male advantage was 

found only at the outset of trials, where females overall made more selections, visits to 

never rewarded locations, and revisits than males. WM was particularly affected by sex, 

with analyses indicating that this difference lay within the intermediate age group, as 

females here made significantly more WM errors than males of this age group, and also 

more than females aged 5-7 and 10-11 years old. These findings suggest that sex 

differences also occur in a touchscreen-based foraging task which taps the cognitive 

requirements of foraging, yet does not require navigation through a search space. 

However, it remains unclear as to why female children aged 8-9 years old performed 

less accurately on this measure of WM. Further research assessing children of these age 

groups with a smaller array of locations to better assess ability to detect temporal 

patterns would aid understanding of whether sex differences persist when WM load is 

eased. 

When investigating structure in the form of chunking, the results largely showed 

that males and females did not differ in their ability to search within this task, despite an 

intuitive relation to object location tasks in which females have been found to excel (see 

Silverman et al. 2007). The similarity in performance in this task may reflect a female 

proficiency for locating objects whilst also promoting male navigational skills. When 

assessing ageing in the foraging task described in Chapter 5, no effects of sex were 

found amongst both the young and older adult age groups. Previous research has found 

that older females outperform males on verbal memory tasks, though show no 

difference between males within other cognitive domains (van Hooren et al. 2007), thus 
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it may be the case that sex differences, in particular within non-verbal tasks, are less 

prevalent amongst an aging population.  

 

8.4 Value of VR and Touchscreen Methodologies 

The methodologies and designs used throughout these experiments are novel 

ways of investigating memory. The value of VR tasks is particularly apparent in spatial 

tasks where real-life large-scale spaces are often not experimentally practical. The tasks 

used in Chapters 2 and 3 were based on the notion of testing humans within animal 

paradigms where non-human species are required to move through a test environment. 

In this regard, VR is a particularly useful tool in which to replicate large scale 

environments previously used with non-human animals. Both these chapters emphasise 

the importance of this, assessing humans in tasks previously designed for capuchin 

monkeys (De Lillo et al. 1997) and rats (Dallal & Meck, 1990; Macuda & Roberts, 

1995), to assess where true similarities and differences lie in behaviour and cognition 

across species. Similarly, VR allowed the development of a task based on observational 

studies of primates foraging within natural environments (Janmaat et al. 2012; Janmaat 

et al. 2013a; Janmaat et al. 2013b), allowing the assessment of humans within a task 

capturing the essential aspects of foraging for ephemeral resources. VR also allowed the 

manipulation of cues which can be impossible to separate in natural settings. The 

experiments described in Chapters 2 and 4 successfully disentangled factors which often 

become confounded within visuo-spatial tasks and observational studies, and which 

cannot be easily manipulated in naturalistic environments. 

However, there are also advantages to using a touchscreen version, as it is easier 

to administer and the data collection rate is higher. This version of the task is quick to 

complete in comparison to VR and the risk of experiencing motion sickness is 

extinguished, which is important when assessing ageing and young population cohorts. 

Additionally, both versions of this task can be considered ecologically valid, as 

regardless of the medium used to present it, the task captured the essential skills 

required for foraging. From this, it is reasonable to use this ecologically valid paradigm 

to more accurately assess effects of ageing on these abilities, and to assess how these 

skills develop in children. The touchscreen version of this task also benefits from being 

an appropriate diagnostic tool, as it is a relatively simple task to complete and 

administer, and is a battery of tests within a single task. The findings described within 

Chapter 5 are indicative of healthy ageing, but any deficits in performance here could 
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reflect a deficit in memory on one or more of these cognitive measures. A further 

benefit to this methodology was the affordance of comparative assessment. The 

touchscreen task was undoubtedly valuable in the assessment of non-human primates, 

which allowed a direct comparison between humans and baboons in a task derived from 

naturalistic foraging situations and capturing the requirements of foraging for ephemeral 

resources. 

 

VR and touchscreen comparison. The experiments presented in Chapters 4 

and 5 used the same foraging paradigm and temporal patterns across trials, but were 

presented using different mediums. The task presented to participants in Chapter 4 

employed a VR methodology, where participants walked through an environment and 

experienced changing viewpoints as they moved through the search space, whilst the 

task described in Chapter 5 used a 2D touchscreen, where all locations were shown in 

plan-view and could all be seen from a single viewpoint. This allowed a comparison 

between the performances of young adult participants completing a task tapping the 

same cognitive measures, but experiencing different viewpoints and navigational 

requirements. The findings here indicated that participants who completed the VR task 

made significantly fewer selections until the completion of a trial, fewer revisits to 

locations previously searched within a trial, and fewer visits to locations that were never 

rewarded than participants who completed the same task presented on a touchscreen. 

Those who used VR also made significantly more correct first choices of the SA, 

suggesting that overall, they were better able to detect this temporal pattern than those 

who used the touchscreen. There was however no significant difference when assessing 

detection of the DA, perhaps as this was a more difficult pattern to learn overall. 

Participants within both experiments became efficient foragers and improved across all 

measures, however, the findings support the conclusions of previous research (Boud et 

al. 1999; Smith et al. 2005) as the locations of rewards and when they would be 

available was more accurately learned within a VR environment than when participants 

searched within the 2D search space. However, this may be explained by the allowance 

of less costly mistakes in VR. Selecting an alternative location on a touchscreen is 

relatively quick and easy, unlike in a VR environment where a participant must spend 

extra time travelling to an alternative location if they select an unrewarded pole. In this 

regard, it is likely that participants make less mistakes when the cost of making them is 

higher (Gibson et al. 2000; Gilchrist et al. 2001). These results imply that VR may 



184 
 

afford a more accurate assessment of the memory competences involved in foraging, 

and allows for a more ecologically valid set-up.  

 

Evaluation of methods. The cognitive skills necessary for an efficient search 

within VR environments are considered to more accurately reflect the skills required 

within real-life situations. Boud, Haniff, Baber, and Steiner (1999) found that 

engineering students who were shown assembly instructions in VR were better at 

product assembly than those who were shown 2D drawings, indicating that different 

cognitive competences are employed. Additionally, Smith et al. (2005) assessed search 

within large-scale search spaces, and found no effect of age unlike typical visuo-spatial 

search tasks performed as a 2D task on a computer screen, suggesting that differences 

may be alleviated in tasks which are carried out in navigational spaces where 

participants must use different competences to explore their environment. As foraging 

typically involves physically navigating through environments, the use of VR to assess 

memory in search and foraging situations therefore allowed a more accurate assessment 

of the competences involved. Considering this, previous research by Ruddle and Lessels 

(2006) has suggested that full body movement is crucial for an efficient search within a 

VR environment, stating that the visual detail presented to participants is less important 

than physical movement. However, this contrasts with research suggesting full 

immersion in a VR environment is not always required for successful results (Bowman 

& McMahan, 2007). Moreno and Mayer (2002) found that students who used a HMD to 

view and walk through a VR environment did not learn the task better than those who 

viewed the environment on screen and used a mouse to move through the space. The 

medium through which VR is viewed did not appear to play a significant role in 

performance, and in accordance with the findings of this thesis, suggests that the use of 

a HMD, 3D glasses, and presenting the environment on-screen only, would not affect 

performance in spatial tasks. The use of VR, regardless of full body movement, appears 

to be a valuable and effective way to measure cognitive skills. Similarly, the findings 

outlined within this thesis also highlight the effectiveness of 2D versions capturing the 

required cognitive competences for efficient foraging. Previous research has found that 

large-scale search retains some characteristics of screen-based visual search tasks but 

reduces the occurrence of revisits (Gilchrist et al. 2001; Smith et al. 2008). This was 

also found in the comparison above, as overall foraging efficiency, WM, LTM and 

detection of the SA temporal pattern was superior in VR. However, participants who 
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completed the task in VR did not detect the DA pattern to a higher degree than those 

who used the touchscreen. In both experiments, participants were able to learn this 

pattern better than chance level would predict, suggesting that on this measure of 

temporal pattern detection, VR and visual search are similarly effective.  

Considering the limitations and difficulties faced throughout the experiments, 

VR can often have the undesired complication of motion sickness. In the experiments 

described, a number of participants reported feeling motion sick whilst using VR, which 

initially made data collection difficult and was thought to be due to a disparity of 

receiving rich visual information without physical body movement. This was a property 

lacking from the study, as physical movement with the HMD or 3D glasses was not 

possible due to testing room constraints. This was generally overcome by making 

participants aware of the symptoms, offering participants regular breaks, and using an 

on-screen version of the task without the HMD or 3D glasses. Whilst Ruddle and 

Lessels (2006) proposed that full body movement was necessary when using VR, it was 

clear from this body of work that participants who completed the foraging task in VR 

were efficient foragers and were proficient in detecting and exploiting the temporal 

patterns present. This was also the case, albeit to a lesser degree, by those who 

experienced the touchscreen version, supporting the notion that whilst VR and visual 

search tasks employ different cognitive competences, there are similarities which make 

both methods a useful and valuable tool to investigate foraging cognition.  

 

8.5 Final Conclusions 

The findings outlined in this thesis suggest that humans have a strong tendency 

to detect structure in search, whether it is using the physical structure of the search 

space, or finding structure and patterns in stimuli across time. Using the structure of 

items within a search space is an efficient strategy which eases memory load by 

allowing humans to more easily keep track of previous searches. A motivation to reduce 

cognitive above travelling costs was evident, with further findings indicating that 

humans naturally exploited the spatial arrangement of locations when given the 

opportunity to search arrays with hidden food types. This finding was consistent with 

the notion that primates differ in their ability to benefit from structure in comparison 

with non-primate species. Considering hominid evolution, early humans would have 

inhabited and foraged within patchy and variable forest environments that required 

specific cognitive skills to find food sources (Lovejoy, 1981; Milton, 1981a; White et 
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al. 2009). A cognitive ability to reduce the memory load experienced when searching 

multiple locations would have been beneficial, to more easily recall where food sources 

were located. By considering the evolutionary pressures related to the emergence of 

high-level cognition, the experimental foraging paradigm used allowed the comparison 

of a number of cognitive competences across a healthy ageing population, a 

developmental cohort of primary school children, and a group of non-human primates, 

highlighting where similarities and differences lie in comparison with young adults.  

There are however, questions that are yet to be answered. The findings in 

relation to chunking by food type indicate that humans do not spontaneously use this 

strategy, however, it is not yet known how non-human primates would behave in this 

experimental situation. This would allow further comparison between species to assess 

the differences between human and non-human search strategies. The results of the final 

experiment showed that baboons did not detect, or at least, did not use temporal 

structure to predict food availability, though it is again unknown whether primarily 

frugivorous monkeys, or great apes, would detect these patterns. Further research in this 

area would show where higher order cognitive skills may have evolved throughout the 

primate lineage, by assessing whether frugivorous primate species who are thought to 

possess high-level skills due to foraging on ephemeral resources (Milton, 1981a; 1993), 

show a proficiency for the detection and use of structure in comparison to primarily 

folivorous primates. Previous research on frugivorous birds has indicated that they track 

fruit availability (Levey, 1988), thus it would also be important to consider an ability to 

detect structured temporal patterns across species, which may have occurred due to 

similar evolutionary pressures as those experienced by early anthropoids. These 

findings also have implications for the notion of mental maps (Tolman, 1948), and 

overshadowing theory (Mackintosh 1971; 1976), and further research considering the 

extent to which spatial memory is acquired or is overshadowed by visual or olfactory 

cues in primates and other species would further our understanding of this issue during 

foraging.  

Findings also indicated that humans become less efficient foragers as they age, 

though further research in this domain would benefit from employing fMRI methods in 

conjunction with this task, to determine the role of the DLPFC in young and older 

adults in their ability to detect temporal structure. Considering the value of VR, testing 

ageing and developmental populations with egocentric viewpoints in VR or in real-life 

large-scale spaces would additionally be a valuable contribution to this area to further 



187 
 

assess the cognitive skills required during foraging in spatial environments. During 

egocentric foraging, the findings showed that humans did acquire spatial information, 

despite an effect of overshadowing by salient visual cues. However, the extent to which 

this occurs in a visual search foraging task with allocentric information, remains unclear 

and is cause for further investigation. Lastly, an ability to detect and benefit from 

temporal structure during foraging did not appear to be affected by sex. Interestingly, 

Baron-Cohen et al. (2003) proposed that males, and more specifically those on the 

autistic spectrum (Baron-Cohen, 2002) are particularly efficient at systemising; an 

ability to detect patterns in data. This suggests that being a systemiser is intuitively 

related to an ability to detect and exploit spatial and temporal structure during foraging, 

however the findings did not reflect a male advantage here. It would therefore be an 

interesting venture to investigate this notion further in the search and foraging 

paradigms outlined. 

In conclusion, the propensity to detect and benefit from structure plays an 

important role in human cognition. Humans show a tendency to promote cognitive over 

energetic economy, and a strong proficiency to use both spatial and temporal structure 

in stimuli. These findings suggest that this competency and the associated cognitive 

abilities may be primarily human, though further research with non-human species both 

across the primate order and other animal species, would allow us to assess whether this 

proficiency is uniquely human. Whilst considering the evolutionary pressures under 

which higher order cognition may have evolved in primates, these findings also have 

implications for healthy ageing and development in humans. By assessing cognition 

within non-verbal spatial situations, the experimental paradigms afforded the 

consideration of the high-level cognitive skills required in these situations across 

species which additionally has important implications for comparative cognitive 

psychology. These findings therefore contribute to a range of important and novel topics 

within human cognition and leaves open new opportunities to investigate the benefits of 

structure in non-human spatial cognition. 
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Appendix 

Appendix A: Ethical Approval for the VR Experiments 

 

University of Leicester Ethics Review Sign Off Document 
        
 
To:  Melissa Kirby 
    
 
Subject: Ethical Application Ref: demonstrat-315e 
 
  (Please quote this ref on all correspondence) 
 
 

 
15/10/2012 09:23:21 
 

 
Psychology 
  
Project Title:  Systemising and Working Memory in virtual Reality Foraging  
 
 
          
 
Thank you for submitting your application which has been considered. 
  
This study has been given ethical approval, subject to any conditions quoted in the 
attached notes. 
  
Any significant departure from the programme of research as outlined in the application 
for research ethics approval (such as changes in methodological approach, large delays 
in commencement of research, additional forms of data collection or major expansions in 
sample size) must be reported to your Departmental Research Ethics Officer. 
  
Approval is given on the understanding that the University Research Ethics Code of 
Practice and other research ethics guidelines and protocols will be compiled with 
 

•  http://www2.le.ac.uk/institution/committees/research-ethics/code-of-practice 
 

• http://www.le.ac.uk/safety/ 
  
  

http://www2.le.ac.uk/institution/committees/research-ethics/code-of-practice
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The following is a record of correspondence notes from your application demonstrat-
315e. Please ensure that any proviso notes have been adhered to:- 
 
Oct 13 2012  2:03PM    Hi Heather, could you accapt this application for 
me , please?<BR>Thanks, Giorgio<BR>  
  
Oct 15 2012  9:23AM    Thank you for writing such a thorough application. 
Well done!<BR>  
  
--- END OF NOTES ---  
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Appendix B: Consent Form for Experiment 1, Chapter 2 

Participant Consent Form  

 
BACKGROUND INFORMATION 
 
Title: Systemising and Spatial Working Memory in Virtual Reality Foraging 
Researchers: Our names are Melissa Kirby and Dr Carlo De Lillo from the University 
of Leicester, School of Psychology. 
Purpose of data collection: Doctoral research 
Details of Participation: This study is a virtual reality foraging task which will last 
approximately 1 hour and 20 minutes, with a 10-15 minute break in between. During 
this break, you will be required to complete a short questionnaire. The virtual reality 
task requires you to wear a headset and to navigate around a set of poles using a hand 
held device. In each trial, you will be shown a sequence which requires you to move 
through the set of poles, and to then recall the sequence. 
 
CONSENT STATEMENT 
   

1. I understand that my participation is voluntary and that I may withdraw from the 
research at any time during testing without giving any reason.   

2. I am aware of what my participation will involve.  
3. My data are to be held confidentially and only Melissa Kirby and Carlo De Lillo 

will have access to them. 
4. My data will be kept in a locked filing cabinet for a period of at least five years 

after the appearance of any associated publications. Any aggregate data (e.g. 
spreadsheets) will be kept in electronic form for up to one year after which time 
they will be deleted. 

5. In accordance with the requirements of some scientific journals and 
organisations, my coded data may be shared with other competent researchers. 
My coded data may also be used in other related studies. My name and other 
identifying details will not be shared with anyone. 

6. The overall findings may be submitted for publication in a scientific journal, or 
presented at scientific conferences. 

7. I will be able to obtain general information about the results of this research by 
giving the researcher my email address. 

 

I am giving my consent for data to be used for the outlined purposes of the present 

study. 

All questions that I have about the research have been satisfactorily answered. 

I agree to participate.  

Participant’s signature:  __________________________________    
 
Participant’s name (please print):  __________________________________                
 
Date:  __________  

If you would like to receive a summary of the results by e-mail, when this is available, 
please provide your email address:  ______________________    

 

Please note that this form will be kept separately from your data 



191 
 

Appendix C: Consent Form for Experiments 2, 3 and 4, Chapter 3 

Participant Consent Form  

 
BACKGROUND INFORMATION 
 
Title: Spatial Working Memory in Virtual Reality Foraging Environments 
Researchers: Our names are Melissa Kirby and Dr Carlo De Lillo from the University 
of Leicester, School of Psychology. 
Contact email address: mk217@le.ac.uk; cdl2@le.ac.uk  
Purpose of data collection: Doctoral research 
Details of Participation: This study is a virtual reality foraging task which will last 
approximately 1 hour, with a 10-15 minute break in between. During this break, you will 
be required to complete a short questionnaire. The virtual reality task requires you to 
wear a headset and to navigate around a set of poles to find the hidden foods, using a 
hand held device.  
 
CONSENT STATEMENT 
   

1. I understand that my participation is voluntary and that I may withdraw from the 
research at any time during testing without giving any reason.   

2. I am aware of what my participation will involve.  
3. My data are to be held confidentially and only Melissa Kirby and Carlo De Lillo 

will have access to them. 
4. My data will be kept in a locked filing cabinet for a period of at least five years 

after the appearance of any associated publications. Any aggregate data (e.g. 
spreadsheets) will be kept in electronic form for up to one year after which time 
they will be deleted. 

5. In accordance with the requirements of some scientific journals and 
organisations, my coded data may be shared with other competent researchers. 
My coded data may also be used in other related studies. My name and other 
identifying details will not be shared with anyone. 

6. The overall findings may be submitted for publication in a scientific journal, or 
presented at scientific conferences. 

7. I will be able to obtain general information about the results of this research by 
giving the researcher my email address. 

 

I am giving my consent for data to be used for the outlined purposes of the present 

study 

All questions that I have about the research have been satisfactorily answered. 

I agree to participate.  

Participant’s signature:  __________________________________    
 
Participant’s name (please print):  __________________________________                
 
Date:  __________  

If you would like to receive a summary of the results by e-mail, when this is available, 
please provide your email address:  ______________________    

 

Please note that this form will be kept separately from your data 

mailto:mk217@le.ac.uk
mailto:cdl2@le.ac.uk
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Appendix D: Consent Form for Experiments 5, 6, and 7, Chapter 4 

Participant Consent Form  

 
BACKGROUND INFORMATION 
 
Title: Spatial Working Memory in Virtual Reality Foraging Environments 
Researchers: Our names are Melissa Kirby, and Dr Carlo De Lillo from the University 
of Leicester, School of Psychology. 
Contact email address: mk217@le.ac.uk; cdl2@le.ac.uk 
Purpose of data collection: Doctoral research 
Details of Participation: This study is a virtual reality foraging task which will last 
approximately 1 hour 40 minutes, with a 5-10 minute break to complete a 
questionnaire. The virtual reality task requires you to wear 3D glasses and to navigate 
around a set of coloured poles, using a hand held device. The task requires you to 
select the poles to find the all the foods hidden within the array.  
 
CONSENT STATEMENT 
   

1. I understand that my participation is voluntary and that I may withdraw from the 
research at any time during testing without giving any reason.   

2. I am aware of what my participation will involve.  
3. My data are to be held confidentially and only Melissa Kirby and Carlo De Lillo 

will have access to them. 
4. My data will be kept in a locked filing cabinet for a period of at least five years 

after the appearance of any associated publications. Any aggregate data (e.g. 
spreadsheets) will be kept in electronic form for up to one year after which time 
they will be deleted. 

5. In accordance with the requirements of some scientific journals and 
organisations, my coded data may be shared with other competent researchers. 
My coded data may also be used in other related studies. My name and other 
identifying details will not be shared with anyone. 

6. The overall findings may be submitted for publication in a scientific journal, or 
presented at scientific conferences. 

7. I will be able to obtain general information about the results of this research by 
giving the researcher my email address. 

 

I am giving my consent for data to be used for the outlined purposes of the present 

study 

All questions that I have about the research have been satisfactorily answered. 

I agree to participate.  

Participant’s signature:  __________________________________    
 
Participant’s name (please print):  __________________________________                
 
Date:  __________  

If you would like to receive a summary of the results by e-mail, when this is available, 
please provide your email address:  ______________________   

Please note that this form will be kept separately from your data 

mailto:mk217@le.ac.uk
mailto:cdl2@le.ac.uk
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Appendix E: Ethical Approval to Assess Ageing in Young and Older Adults 

 

University of Leicester Ethics Review Sign Off Document  
 
To:  Melissa Kirby 
    
 
Subject: Ethical Application Ref: mk217-b668 
 
  (Please quote this ref on all correspondence) 
 
 

 
16/12/2014 10:59:46 
 

 
Psychology 
  
Project Title:  Spatial working memory foraging task - can humans learn complex 
synchronicity patterns, and is there an age related decline?  
 
 
          
 
Thank you for submitting your application which has been considered. 
  
This study has been given ethical approval, subject to any conditions quoted in the 
attached notes. 
  
Any significant departure from the programme of research as outlined in the application 
for research ethics approval (such as changes in methodological approach, large delays 
in commencement of research, additional forms of data collection or major expansions in 
sample size) must be reported to your Departmental Research Ethics Officer. 
  
Approval is given on the understanding that the University Research Ethics Code of 
Practice and other research ethics guidelines and protocols will be compiled with 
 

•  http://www2.le.ac.uk/institution/committees/research-ethics/code-of-practice 
 

• http://www.le.ac.uk/safety/ 
  
  

http://www2.le.ac.uk/institution/committees/research-ethics/code-of-practice
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The following is a record of correspondence notes from your application mk217-b668. 
Please ensure that any proviso notes have been adhered to:- 
 
Dec 15 2014  3:07PM    As discussed on email, PREC have reviewed this 
application and have the following feedback:<BR>PREC are in agreement that, in line 
with the BPS Code of Human Research Ethics, that the participants should be contacted if 
they score in a range which might indicate impairment. This contact could make it clear 
that the researcher is not clinically qualified and hence cannot interpret the MoCA and 
that they should contact their GP if they are concerned.  <BR>If you can make the 
associated amendments to the application form I will look over it as soon as I possibly 
can.<BR>Best wishes,<BR>Ruth  
  
Dec 15 2014  9:17PM    As discussed on email, I am happy in principle with 
the application now but I think that the consent form perhaps needs a bit more thought. 
When I said in my email that there should be a statement on the consent form outlining 
that they would be contacted if they scored within a certain range, I meant for this to be 
elaborated upon such that the consent that the participant was providing was fully 
informed i.e. it could outline what the test is assessing (if this is felt to be appropriate), 
what the scores could possibly indicate, and to ensure that the participants are happy 
for you to contact them should they score in a range that would indicate the possibility of 
mild cognitive impairment. <BR><BR>It would also be a good idea to consider the 
protocol relating to the contacting of the participant should their score indicate a mild 
cognitive impairment. How would you contact them? And what would you say to 
them?<BR><BR>I am officially on annual leave tomorrow but I will check my email to 
see whether you have referred the application back to me. <BR><BR>Best 
wishes,<BR><BR>Ruth  
  
Dec 16 2014 10:59AM    Hi Melissa,<BR>Thanks for these amendments. I 
approve this application on the condition that participants are to be told verbally at the 
point of consent about the administration of the MoCA, what it measures, and that if their 
score indicates concern that they will be contacted. This needs to be explained fully to 
ensure that their consent is fully informed.<BR>Good luck with the research.<BR>Best 
wishes,<BR>Ruth<BR>  
  
--- END OF NOTES ---  
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Appendix F: Permission to use the MoCA Questionnaire 
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Appendix G: Consent Form for Older Adults in Experiment 8, Chapter 5 

Participant Consent Form  

 
BACKGROUND INFORMATION 
 
Title: Spatial Working Memory in a Touchscreen Foraging Environment 
Researchers: Our names are Melissa Kirby and Dr Carlo De Lillo from the University 
of Leicester, School of Psychology. 
Contact email address: mk217@le.ac.uk; cdl2@le.ac.uk  
Purpose of data collection: Doctoral research 
Details of Participation: This is a touchscreen foraging task which will last 
approximately 1 hour. The task requires you to select locations on screen in order to 
find the hidden food items. There will also be a brief cognitive questionnaire (MoCA) to 
complete.  
 
CONSENT STATEMENT 
   

1. I understand that my participation is voluntary and that I may withdraw from the 
research at any time during testing without giving any reason.   

2. I am aware of what my participation will involve.  
3. My data are to be held confidentially and only Melissa Kirby and Carlo De Lillo 

will have access to them. 
4. My data will be kept in a locked filing cabinet for a period of at least five years 

after the appearance of any associated publications. Any aggregate data (e.g. 
spreadsheets) will be kept in electronic form for up to two years. 

5. In accordance with the requirements of some scientific journals and 
organisations, my coded data may be shared with other competent researchers. 
My coded data may also be used in other related studies. My name and other 
identifying details will not be shared with anyone. 

6. The overall findings may be submitted for publication in a scientific journal, or 
presented at scientific conferences. 

7. I will be able to obtain general information about the results of this research by 
giving the researcher my email address. 

8. I understand that the MoCA is used to aid the testing of mild cognitive 
impairment and that this information is required for publication purposes should 
this study be published. If my MoCA result falls within a certain range, and 
should I need to be contacted, I agree to provide my phone number. I 
understand that this would only be a numerical result as the researchers are not 
qualified to interpret the results of this test. 

 

I am giving my consent for data to be used for the outlined purposes of the present 

study 

All questions that I have about the research have been satisfactorily answered. 

I agree to participate.                                                                                                   

Participant’s signature:  __________________________________                           
 
Participant’s name (please print):  __________________________________                
 
Date:  __________  
 

mailto:mk217@le.ac.uk
mailto:cdl2@le.ac.uk


197 
 

Should you need to be contacted regarding the MoCA, please provide your phone 
number:  ___________________________________   

If you would like general information about the results of this research, please provide 
your  

email address: ___________________________________ 

 
 

Please note that this form will be kept separately from your data 
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Appendix H: Consent Form for Young Adults in Experiment 8, Chapter 5 

Participant Consent Form  

 
BACKGROUND INFORMATION 
 
Title: Spatial Working Memory Touchscreen Foraging Task 
Researchers: Our names are Melissa Kirby and Dr Carlo De Lillo from the University 
of Leicester, School of Psychology. 
Contact email address: mk217@le.ac.uk; cdl2@le.ac.uk  
Purpose of data collection: Doctoral research 
Details of Participation: This study is a touchscreen foraging task which will last 
approximately 30-40 minutes with short breaks between blocks of trials. You will also 
be required to complete a short questionnaire. The task requires to you select locations 
on the screen in order to find the hidden foods. 
 
CONSENT STATEMENT 
   

1. I understand that my participation is voluntary and that I may withdraw from the 
research at any time during testing without giving any reason.   

2. I am aware of what my participation will involve.  
3. My data are to be held confidentially and only Melissa Kirby and Carlo De Lillo 

will have access to them. 
4. My data will be kept in a locked filing cabinet and stored electronically for a 

period of at least five years after the appearance of any associated publications. 
5. In accordance with the requirements of some scientific journals and 

organisations, my coded data may be shared with other competent researchers. 
My coded data may also be used in other related studies. My name and other 
identifying details will not be shared with anyone. 

6. The overall findings may be submitted for publication in a scientific journal, or 
presented at scientific conferences. 

7. I will be able to obtain general information about the results of this research by 
giving the researcher my email address. 

 

I am giving my consent for data to be used for the outlined purposes of the present 

study 

All questions that I have about the research have been satisfactorily answered. 

 

I agree to participate.  

 
Participant’s signature:  __________________________________    
 
Participant’s name (please print):  __________________________________                
 
Date:  ___________ 
 

Please note that this form will be kept separately from your data 

 

 

mailto:mk217@le.ac.uk
mailto:cdl2@le.ac.uk
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Appendix I: Ethical Approval to Assess Developmental Cognition in Children 
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 University Ethics Sub-Committee for Psychology 
 

 

04/09/2015 

Ethics Reference: 325-mk217-schoolofpsychology 

TO: 

Name of Researcher Applicant: Melissa Kirby 

Department: Psychology 

Research Project Title: Developmental changes in ability to detect spatio-temporal patterns in 

a foraging touchscreen task 

 

Dear Melissa Kirby,  

RE:  Ethics review of Research Study application 

The University Ethics Sub-Committee for Psychology has reviewed and discussed the above 

application.  

1. Ethical opinion 

The Sub-Committee grants ethical approval to the above research project on the basis 

described in the application form and supporting documentation, subject to the conditions 

specified below. 

2. Summary of ethics review discussion  

The Committee noted the following issues:  

I approve this application 

3.  General conditions of the ethical approval 

The ethics approval is subject to the following general conditions being met prior to the start 

of the project: 

As the Principal Investigator, you are expected to deliver the research project in accordance 

with the University’s policies and procedures, which includes the University’s Research Code of 

Conduct and the University’s Research Ethics Policy. 

If relevant, management permission or approval (gate keeper role) must be obtained from 

host organisation prior to the start of the study at the site concerned. 

4.  Reporting requirements after ethical approval 

You are expected to notify the Sub-Committee about: 

• Significant amendments to the project 

• Serious breaches of the protocol 

• Annual progress reports 



201 
 

• Notifying the end of the study 
 

5. Use of application information 

Details from your ethics application will be stored on the University Ethics Online System. With 

your permission, the Sub-Committee may wish to use parts of the application in an 

anonymised format for training or sharing best practice.  Please let me know if you do not 

want the application details to be used in this manner. 

Best wishes for the success of this research project. 

Yours sincerely, 

Prof. Mark Lansdale  

Chair 
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Appendix J: Consent Form Sent to Children’s Parents in Experiment 9, Chapter 6 

 

School of Psychology  

University of Leicester 

Henry Wellcome Building 

Lancaster Road 

Leicester, LE1 9HN 

Email: mk217@le.ac.uk 

 

Dear parent or guardian, 

 

My name is Melissa Kirby and I am a PhD student at the University of Leicester. I 

would like to ask your consent for your child to take part in a short psychology 

experiment that I will be running at Rykneld Primary School during the week of 29th 

June 2015. 

The experiment is a simple touchscreen search task which requires participants to 

select locations on a screen in order to find hidden apples. This should take 

approximately 15 minutes in total. I am investigating the search strategies that humans 

use under different conditions, and this particular study is derived from studies 

observing primate foraging. I am interested in the effect of ageing on this cognitive 

behaviour, and have already collected data using this task from university students and 

older adults. I am now aiming to investigate how this behaviour changes 

developmentally amongst children. 

If you are happy for your child to take part in this study, please return the parental 

consent form by 26th June. Please note that as well as parental consent, your child will 

also be asked on the day if they are still happy to take part. All participants have the 

right to withdraw at any time. 

If you have any questions or concerns, please do not hesitate to contact me.  

 

Best wishes, 

Melissa Kirby 

PhD Student and Graduate Teaching Assistant. 
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Parental Consent Form  

 

 
BACKGROUND INFORMATION 
 
Title: Developmental changes in foraging cognition in a touchscreen task.  
Researchers: My name is Melissa Kirby from the University of Leicester, School of 
Psychology, supervised by Dr Carlo De Lillo. 
Purpose of data collection: Doctoral research. 
Details of Participation: This is a touchscreen search task which will last 
approximately 15 minutes. The task itself will take 10 minutes, with 5 minutes for 
explaining the task to participants. The task consists of 36 coloured locations on 
screen, which need to be selected in order to find the hidden apples.  
 
CONSENT STATEMENT 
   

1. I understand that my child’s participation is voluntary and that he/she may 
withdraw from the research at any time up until findings are submitted for 
publishing, without giving any reason.   

2. I am aware of what my child’s participation will involve.  
3. My child’s data is to be held confidentially and only Melissa Kirby and Dr Carlo 

De Lillo will have access to them. 
4. My child’s data will be kept for a period of at least five years after the 

appearance of any associated publications, after which time they will be 
deleted. 

5. In accordance with the requirements of some scientific journals and 
organisations, my child’s coded data may be shared with other competent 
researchers. The coded data may also be used in other related studies. My 
child’s name and other identifying details will not be shared with anyone. 

6. The overall findings may be submitted for publication in a scientific journal, or 
presented at scientific conferences. 

7. I will be able to obtain general information about the results of this research by 
emailing Melissa Kirby at mk217@le.ac.uk. 

8. I understand that I can contact the researcher/s at either mk217@le.ac.uk or 
cdl2@le.ac.uk if I have any questions about the research before my child takes 
part. 

 

I am giving my consent for my child’s data to be used for the outlined purposes of the 

present study. 

All questions that I have about the research have been satisfactorily answered. 

I agree for my child to participate.  

Parent’s signature:  __________________________________    
 
Parent’s name (please print) ____________________________________ 
 
Participant’s name (please print):  __________________________________  
 
Date:  __________  
 

mailto:mk217@le.ac.uk
mailto:mk217@le.ac.uk
mailto:cdl2@le.ac.uk
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This study was reviewed by the University of Leicester Psychology Research Ethics 
Committee (PREC). You may contact the Chair of PREC Dr. Ruth Hatcher at 
rmh12@le.ac.uk if you have any questions or concerns regarding the ethics of this 
project.  

Please note that this form wi ll be kept separately from the data 

 

 

To be completed on day of testing:  

 

 

 

Participant’s name: _______________________________________ 

 

 

 

 

 

Age: _______________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:rmh12@le.ac.uk
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Appendix K: Consent Form for Experiment 11, Chapter 7 

Participant Consent Form  

 
BACKGROUND INFORMATION 
 
Title: Spatial Working Memory Touchscreen Foraging Task 
Researchers: Our names are Melissa Kirby and Dr Carlo De Lillo from the University 
of Leicester, School of Psychology. 
Contact email address: mk217@le.ac.uk; cdl2@le.ac.uk  
Purpose of data collection: Doctoral research 
Details of Participation: This study is a touchscreen foraging task which will last 
approximately 1 hour. The task requires to you select locations on the screen in order 
to find the hidden foods. 
 
CONSENT STATEMENT 
   

1. I understand that my participation is voluntary and that I may withdraw from the 
research at any time during testing without giving any reason.   

2. I am aware of what my participation will involve.  
3. My data are to be held confidentially and only Melissa Kirby and Carlo De Lillo 

will have access to them. 
4. My data will be kept in a locked filing cabinet and stored electronically for a 

period of at least five years after the appearance of any associated publications. 
5. In accordance with the requirements of some scientific journals and 

organisations, my coded data may be shared with other competent researchers. 
My coded data may also be used in other related studies. My name and other 
identifying details will not be shared with anyone. 

6. The overall findings may be submitted for publication in a scientific journal, or 
presented at scientific conferences. 

7. I will be able to obtain general information about the results of this research by 
giving the researcher my email address. 

 

I am giving my consent for data to be used for the outlined purposes of the present 

study 

All questions that I have about the research have been satisfactorily answered. 

 

I agree to participate.  

Participant’s signature:  __________________________________    
 
Participant’s name (please print):  __________________________________  
 
Participant’s age: ______________ Gender: __________________________               
 
Date:  ___________________ 
 

Please note that this form will be kept separately from your data 

 

mailto:mk217@le.ac.uk
mailto:cdl2@le.ac.uk
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