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ABSTRACT

This thesis investigated whether a food-storing mammal, the eastern grey squirrel (Sciurus carolinensis), uses social cognitive skills in relation to its caching behaviour and explored whether social cognition really is a specialized adaptation that differs from other cognition by examining how social and non-social learning differ. The influence of social factors on the natural caching behaviour of wild squirrels was studied in the field and the effects of conspecific presence on specific aspects of caching behaviour (learning, memory and recovery) were investigated by testing captive squirrels in the laboratory on social learning and one-trial learning tasks. The squirrels were found to be able to learn by observing a conspecific and learned to make a logical choice more readily than an illogical one. They showed no such bias in a comparable non-social task. They responded flexibly to the presence of conspecifics both in the wild and in the laboratory but the results can be interpreted in terms of responses to observable cues rather than as evidence of higher cognitive skills. In total, this thesis suggests that squirrels use unsophisticated social cognitive strategies in relation to their caching but, the difference found in learning under social and non-social conditions suggests that, although not a highly social species, grey squirrels are particularly prepared to form certain associations with social cues. This offers some support to the theory that factors other than social complexity may lead to the development of the ability to process social information highly effectively.
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CHAPTER 1: INTRODUCTION

1.1
General Introduction

This thesis examines the influence of social factors on the behaviour of a scatter-hoarding mammal, the eastern grey squirrel (Sciurus carolinensis) in order to determine how far this species uses social cognitive skills in relation to its food-storing and to investigate whether its cognitive abilities differ when the information to be processed is social or non-social.

Most investigations into the social cognitive abilities of animals have looked at primate species which are known to live in socially complex environments where the ability to recognize individuals, deceive or manipulate the behaviour or beliefs of others or even to co-operate with them is advantageous (Byrne 1995). According to the ‘social intelligence hypothesis’, the evolution of cognitive abilities in primates arose from the changes associated with living in increasingly large and complex groups such as better security from predators and a greater choice of mates but also competition for food and mates and an increase in opportunities for aggressive or affiliative encounters with conspecifics (Byrne & Whiten 1997, pp 1-23). The theory predicts that social cognition is somehow different to non-social cognition, either because cognitive skills evolved primarily to cope with social information and can only be applied to non-social problems to a lesser extent (e.g. Jolly 1966; Humphrey 1976), or because, according to the modular view of cognition, a separate social cognitive module evolved to process social information (Shettleworth 1998, pp 511-512). 
Recently, studies with corvids have shown that sophisticated cognitive abilities also exist in these birds and are used, in particular, in relation to their food storing behaviour (Emery & Clayton 2004; Dally, Clayton & Emery 2006; Clayton, Dally & Emery 2007). In order to store food and protect their caches from theft, corvids use the ability to deceive conspecifics by misleading them or witholding information about the location of food and caches. They may even be capable of experiential perspective taking in which they relate their own experiences of pilfering to the possibility that others may steal their caches, as well as know whether others are knowledgeable or ignorant about the location of food and caches (see discussion in section 1.2.5). As these abilities are used by corvids particularly in relation to food hoarding behaviour it raises the question of whether such skills also exist in scatter-hoarding mammals, in which social cognition has been less thoroughly studied. More generally, it raises the possibility that, in some species at least, some social cognitive skills are not specialized abilities determined by the quantity of social information that individuals encounter but that instead, any species with a particular ecological need to do so may be highly proficient at processing certain social information, in the same way that they process non-social information. Indeed, some authors have emphasised that it was the need for behavioural flexibility rather than social complexity per se that selected for advanced cognitive skills in primates (Barrett, Henzi & Rendall 2007), and there is no reason that behavioural flexibility to ecological rather than purely social factors could not provide this selective pressure.

This thesis aims to address these questions by examining social influences on specific aspects of the caching behaviour of the eastern grey squirrel, namely, on how they collect and store food, their memory for stored food and their cache-recovery behaviour. This will provide information on how grey squirrels respond to conspecifics and whether they use higher social cognitive abilities, for example, by interpreting the behaviour or mental states of others or by simply learning to associate observable cues with cache loss, aggressive encounters or food-gathering opportunities. In all, this will contribute to an understanding of how far social cognitive skills, like spatial memory abilities and the food hiding behaviour itself, form part of the scatter-hoarding strategy and whether social cognition is really different to other, non-social cognition. 

1.2 
Literature review

1.2.1 
Preparedness in learning

The idea that differences may exist in how different information is processed has been described in the study of learning in terms of biological constraints on learning (Hinde 1973) or as a scale of preparedness to learn (Seligman 1970). Stimuli that reliably signal important events (e.g. food, mates or predators) and so form ecologically relevant associations should become associated readily (prepared learning); stimuli that are encountered infrequently or that usually signal insignificant events may be learned about less readily (unprepared learning) and associations that are disadvantageous should not be formed (contraprepared learning).


A classic study by Garcia and Koelling (1966) demonstrated how rats formed associations that conferred a survival advantage more readily than they formed arbitrary associations. The rats were given access to drinking bottles containing sweetened water or ‘bright-noisy’ water (a light and a clicking sound came on whenever the rat drank from the bottle) in an operant chamber. Some of the rats were given a foot shock immediately after drinking from the bottles or after a short delay and some were injected with lithium chloride or exposed to x-rays to make them nauseous after the drinking session. The rats in the sweetened water- nauseous groups drank significantly less of the sweetened water after they had been made ill but rats in the ‘bright-noisy’ water- nauseous groups did not avoid the ‘bright-noisy’ water. In other words rats learned to associate taste but not external stimuli with internal illness. As taste is always associated with food and drink it can be used as a reliable predictor of whether it will induce nausea or not (prepared association) whereas light and noise would not normally occur with food and water and, in any case, do not cause illness (contraprepared association). Learning such an association could cause the rat to miss out on resources if it went on to avoid these external stimuli at all times. Rats in the foot shock groups learned to associate noise and sound with both immediate and delayed shock more readily than they associated taste with shock. External rather than gustatory stimuli are more likely to cause peripheral pain in natural situations and therefore rats should be able to learn this in certain circumstances (unprepared association). 

Some authors have since argued that these results can be interpreted equally well in terms of general learning principles and therefore do not necessarily provide evidence of adaptive specialization (review by Macphail & Bolhuis 2001). For example, internal cues (taste) are more likely to be associated with internal consequences (nausea) than external consequences (foot shock) because they are closer together in time and space.   

However, other studies do suggest possible differences in learning with different types of stimuli. When the association to be learned is arbitrary (unprepared), animals behave towards the predictive stimulus as if it were the reinforcer. If a light predicts the delivery of grain into a food hopper, a pigeon will peck at an illuminated key even if pecking has no effect on grain delivery (autoshaping). The pigeon treats the light as a substitute grain (‘stimulus substitution hypothesis’, Brown & Jenkins 1968). However, when the two stimuli to be associated often occur together in nature (prepared association) the predictive stimulus may elicit different behaviour to the reinforcer. Timberlake and Grant (1975) used presentations of a live rat as a stimulus that predicted food. The subject rats learned to approach the stimulus rat but they did not show eating behaviours towards it. Instead they increased behaviours that are normally seen in groups of foraging rats such as sniffing and social contact. These rats showed these behaviours more frequently than rats presented with a stimulus rat but with no food and more than rats whose predictive stimulus was a block of wood. 

1.2.2
Processing social and non-social information

To determine whether social cognitive processes differ from other cognitive processes, the ability of animals to learn in social and non-social contexts has been investigated in a number of different ways: comparisons of performance on a task when social or non-social stimuli are presented, comparisons of closely related species that differ in their social complexity on social and individual learning tasks, and tests of animals’ ability to use a particular cognitive skill in social and non-social contexts.

a)
Comparisons of learning with social and non-social stimuli 

Several studies have shown that social stimuli can be used as both discriminative stimuli and reinforcement in tests of learning (e.g. Hake, Donaldson & Ryten 1983; Danson & Creed 1971; review on primates by Anderson 1998) but few studies have made direct comparisons of learning with social and non-social stimuli. One study that attempted to do so compared rats on their ability to learn a discrimination with either a social or a non-social cue (Stimbert 1970). Half of the rats had to follow a leader rat though an open-field maze to one of four goal boxes to obtain access to water (social group) whilst the other rats had to follow a strip of black tape that was laid across the floor of the maze between the start box and the correct goal box (non-social group). Rats in the social group learned to choose the correct box sooner than rats in the non-social group and, during extinction trials at the end of the test, continued to choose the correct box for more trials than rats in the non-social group. The result suggests that the leader rat provided a superior discriminative stimulus to the black tape but this could be due to one of many possible factors. For example, the black tape was constantly visible, but the leader rat was only visible for up to 2 seconds whilst it ran from the start box to the goal. The leader rat was moving and probably provided olfactory and even auditory as well as visual cues whilst the non-social stimulus was stationary and provided only a visual cue. Furthermore, rats typically search for food and drink in groups and so are experienced in using information from conspecifics to locate resources whilst following the black tape involved learning a novel, unprepared association.

   
A more recent study used a test of delayed searching for a social or a non-social stimulus with five-day old chicks (Regolin, Rugani, Pagni & Vallortigara 2005).Unlike in Stimbert’s study, both stimuli had ecological validity. Chicks in the social group were caged individually with a small red ball, to which they became imprinted, soon after hatching and chicks in the non-social group were caged singly and provided with a meal worm twice a day, in addition to their regular food. Young chicks rely on being close to companions for survival but must also be prepared to forage so both groups should have been motivated to search for and be reunited with the ball or worm. 

  
 The test took place in an arena in which there was a box where a chick could be held at the start of the test and two transparent screens, 35cm in front of the box, to the left and right. A chick was placed in the start box and watched as the test object (the red ball for the social group and a meal worm for the non-social group) which was attached to a thread was moved by the experimenter behind one of the screens. After a delay of between 10 and 180 seconds, the chick was released from the start box and allowed to search behind one of the screens. As soon as it walked behind a screen, the experimenter picked it up and replaced it in the start box. Both groups of chicks chose the screen behind which the object had moved more often than chance and those in the social group chose correctly more often than those in the non-social group. For both groups, performance deteriorated over increasing delays, although even after the longest delay (180s) the screen in front of the object was chosen more often than chance. When the test was repeated with new groups of chicks and with opaque screens, there was no effect of delay but the chicks in the social group located their object more frequently than chicks in the non-social group. Both groups located their object more frequently than expected by chance but chicks in the social group took longer to choose a screen. The authors concluded that, although successful in locating both social and non-social biologically relevant stimuli after delays of up to 3 minutes, the chicks made fewer errors with the social stimulus and that this may have been the result of making more considered responses.

b)
Use of one cognitive skill in social and non-social contexts
Another approach in comparing social and non-social cognitive abilities is to test the use of a particular cognitive skill in both social and non-social problems. Two studies with corvids investigated whether these birds could use transitive inference in both social and non-social contexts (Paz-y-Miño, Bond, Kamil & Balda 2004; Bond, Kamil & Balda 2003). Transitive inference allows an individual to know that if A>B and B>C, then A>C without having to compare A and C directly. This skill should be particularly useful to social species where being able to assess the dominance of conspecifics by observing their encounters with other individuals could allow birds to avoid aggressive encounters and enter competitions over food only if they have a good chance of winning. The skill should also apply in non-social contexts e.g. for assessing the relative value of foods or foraging sites.

  
 Bond et al. (2003)  compared wild-caught pinyon jays (Gymnorhinus cyanocephalus), which are highly social, with scrub jays (Aphelocoma californica) which are much less social, on their ability to learn and remember an ordered list of colours. The birds were tested in an operant chamber where they were presented with pairs of colours from an experimenter-determined list. The birds could obtain a food reward by pecking the highest ranking colour of the pair. When the colours were next to each other in the sequence, the pinyon jays made more correct responses than the scrub jays over all. There was also a difference in the birds’ performances when they were presented with non-adjacent colours from the same sequence suggesting that the two species processed the information differently. There was no difference in overall accuracy but, scrub jays were more likely to respond correctly if the colours were separated by several colours than by just one colour and if one colour of the pair was near the top of the sequence. Pinyon jays did not show this ‘first item’ effect but took significantly longer to respond than scrub jays when presented with dyads close to the end of the sequence. One explanation is that pinyon jays remembered the colours as having positions on an underlying hierarchy and so took longer to respond when dealing with colours at the end of the sequence because they had to count down through several colours to recall the relative positions of any two. 
The scrub jays’ results are consistent with a reliance on the associative strengths of the colours. During training, each colour became associated with reward to a differing extent. For example, responses to the colour at the top of the sequence always led to a reward, responding to the second highest colour in the sequence was usually rewarded except when it was paired with the highest ranking colour but responding to the colour at the end of the list was never rewarded. This means that when two colours were far apart on the list the higher ranking colour was much more strongly associated with reward than the other but if the colours were close together they had similar reward histories and were harder to discriminate. The apparent difference in the way the birds represented the list of colours could indicate a difference in cognitive mechanisms but effects of differing experience with this type of information and other ecological factors can not be ruled out (as discussed in section 1.2.2.c). 

   
Paz-y-Miño et al. (2004) went on to investigate whether pinyon jays use transitive inference to make judgements about the dominance status of conspecifics. First, the experimenters determined a linear dominance hierarchy within three groups of birds by watching pairs of birds compete for access to a peanut. Birds that always won the peanut were placed at the top of the hierarchy; birds that never won were at the bottom. During the test, one bird (the observer) watched a bird from another group (demonstrator) compete with another bird for a peanut. In the experimental condition, the observer watched the demonstrator either win or lose to a bird from another group and then watched the same demonstrator win or lose to a bird from the observer’s own group. In the control condition, the observer saw the demonstrator win and lose to birds from groups other than its own. Before testing, the experimenters also carried out cross-group dominance tests to allow them to make predictions about the dominance status of the birds and to arrange the demonstrations so that the observer was expected to be subordinate to the demonstrator. The birds in the experimental group could infer this by combining information from the demonstrations with their knowledge about the status of the bird from their own group. This was not possible for birds in the control group because the observer was unfamiliar with all of the competing birds.

Following the demonstrations, the observer was allowed to compete with the demonstrator for a peanut. In the first minute of the first encounter birds from the experimental group showed nearly four times as much submissive behaviour towards their demonstrators as birds in the control group. They had apparently judged their status relative to the demonstrator by watching the previous encounters although the effect was very short-lived, with no difference in submissive behaviour between control and experimental birds in subsequent minutes or when the encounters were repeated at later times. The fact that the frequency of submissive behaviour by the observer bird during the first encounter was positively correlated with the degree of difference between the dominance status of the observer and the demonstrator also supports the hypothesis that pinyon jays use transitive inference to make judgments about the social status of conspecifics. Differences in methodology do not allow a direct comparison of these results with the earlier study (Bond et al. 2003) on non-social transitive inference, but it seems that pinyon jays are able to apply the skill in both social and non-social contexts.

c)
Comparisons between species of differing social complexity

If social learning is a specialized form of learning it may be that only social and not solitary species are able to learn by observing conspecifics. In a study by Templeton, Kamil and Balda (1999) two species of corvids were compared on their ability to learn a simple motor task and a discrimination, both from a conspecific demonstrator and through individual learning. The chosen species, Clark’s nutcracker (Nucifruga coumbiana) and the pinyon jay, differ greatly in their social complexity. As indicated earlier, pinyon jays are highly social, forming flocks of family groups of up to hundreds of birds. In contrast, nutcrackers typically live in close proximity to one other bird, their mate. 

  
The birds had to remove a lid from a well in a wooden block to obtain a seed (motor task) or were given a choice of two different lids to remove, one of which concealed a seed (discrimination task). In the social condition, the birds watched a conspecific perform the tasks correctly eight times before being given access to the wooden blocks; in the individual condition, they were given access to the blocks immediately. 
The pinyon jays completed the motor task more rapidly in the social condition than in the individual learning condition whilst the nutcrackers performed equally in the two conditions. Neither species showed any effect of condition in the discrimination task. These results suggest that pinyon jays paid attention to the demonstrator’s actions (opening the lid) but not to the details of the stimuli (the different patterns on the lids) whilst the nutcrackers relied solely on individual learning. In the social condition, there was no difference in the performance of the two species, indicating that social learning by pinyon jays was no more effective than the (individual) learning by the nutcrackers in the social condition. In the individual condition, nutcrackers were faster to learn than the pinyon jays. The result is consistent with the theory that social species have enhanced social learning ability relative to their individual learning ability and suggests that only certain kinds of information are learned socially.

Pinyon jays and Clark’s nutcrackers are closely matched in terms of habitat, opportunism in foraging and in motor abilities but the main difficulty in comparing species is in matching them on all ecological factors other than sociality. For example, as well as being social, the pinyon jays used in the studies by Paz-y-Miño et al. (2004) and Bond et al. (2003) cache up to approximately 22 000 seeds every year but the less social scrub jays cache up to just around 6000 seeds; pinyon jays endure harsh winter weather but scrub jays live in more moderate conditions (Balda & Kamil 1998, p 37). The greater reliance on stored food is correlated with a more effective spatial memory in the pinyon jay (Shettleworth 1998, p 259) and this could also contribute to their superior performance in the transitive inference task.  Bond et al. (2003) suggest ruling out these effects by testing multiple species with differing ecological niches and social complexity. Measuring the performance of many different species over a range of tests (such as social and non-social learning tasks) will indicate whether differences in their abilities are truly dependent on differences in their sociality. 
An approach suggested by Lefebvre (1996) is to include tests of general ability so that the cognitive skill of interest can be compared in relative terms. For example, Lefebvre (1996) compared gregarious pigeons (Columbia livia) with solitary Zenaida doves (Zenaida aurita) on their ability to learn by watching a trained conspecific perform a task. The prediction that the social pigeons would do better than the doves when general learning abilities were taken into account was supported but the pigeons did better on these general tests too and were less neophobic, suggesting they had different social and non-social learning abilities to the doves and had adapted to the laboratory more successfully.

1.2.3
Social learning

The term social learning is used to describe any learning that is influenced by a conspecific and includes local or stimulus enhancement, in which the presence of a conspecific in a specific place or manipulating a certain object increases the probability that an observer will also visit that place or the same object; observational conditioning where an individual is more likely to perform a certain action in response to the presence of a particular stimulus after observing a conspecific do the same; and more complex learning including imitation where an individual repeats a behaviour it has witnessed a conspecific perform some time earlier and emulation where an individual learns about the goal to be achieved by observing a conspecific (Byrne 1995; Galef & Giraldeau 2001;Whiten, Custance, Gomez, Teixidor & Bard 1996). Although social learning is studied and classified separately from other forms of learning, there is little evidence that it involves different processes to non-social learning (Heyes 1994). 

a)
Social and non-social processes in ‘social’ learning

When animals learn in natural settings, there are often many social and non-social cues to which they can respond and so it is difficult to assess their relative roles. There may even be cases where both social and asocial processes are required for learning to occur.  

 An example of apparent observational learning is the opening of foil-topped milk bottles by wild blue tits (Parus caeruleus) in parts of Britain, first studied by Fisher and Hinde in 1949 (cited by Shettleworth 1998, p 439). When milk had been delivered and left on household doorsteps, the birds pecked at the lids and pierced them. They were then able to feed on the cream at the top of the bottles. The technique appeared to be initiated independently by a small number of birds but then spread to others through observational learning. However, it is likely that other, non-social mechanisms were also involved. Birds that came across opened bottles, perhaps attracted to them by the sight of others feeding, were able to eat the cream and come to associate the bottles with food. On approaching other bottles the birds directed feeding behaviour (e.g. pecking) at the lids and eventually pierced the foil and acquired the technique through trial and error. 

In a more controlled study by Sherry and Galef (1984) four of the sixteen black-capped chickadees (Parus atricapillus) they tested opened foil-topped cream tubs on their first encounter with them. The development of the technique was facilitated in the remaining birds if they interacted with opened pots or watched a trained bird open the pots during a pre-test observation phase but in a later study, the mere presence of a conspecific in the testing part of the apparatus during the observation phase was enough to increase the probability that naïve birds would learn to open the tubs (Sherry & Galef 1990). These studies do not rule out observational learning but they indicate that other social and non-social influences may be involved.  

In the laboratory, tests have been designed to control for these non-social influences. In the ‘two action/one outcome test’ (e.g. Dawson & Foss 1965) and the ‘bidirectional control procedure’ (e.g. Heyes & Dawson 1992) observers watch a conspecific demonstrator manipulate an apparatus in one of two ways and are then tested to see whether they used the same manipulation. As all of the observers see a demonstrator approach and manipulate the apparatus and find a reward and are then tested in private, the effects of local and stimulus enhancement are controlled and observational learning remains the most likely explanation for any similarities between the observers’ and demonstrators’ responses. In studies with budgerigars observers were more likely to use their feet or beak (Dawson & Foss 1965) or a pull or push action (Heyes & Saggerson 2002) according to what they had seen another bird use to open a pot of food. In a study by Heyes and Dawson (1992), rats also appeared to be good social learners. They moved a joystick left or right according to what another rat had done but a later study suggests that their responses may have been guided by odours left on the joystick by the demonstrator (Mitchell, Heyes, Gardner & Dawson 1999). 

b)
The role of the observed conspecific

One way that social learning could be shown to be different from individual learning is if the presence of a conspecific is found to be crucial to, or at least enhance, the learning that occurs. Studies have attempted to test this by comparing the performance of observers on a task following a demonstration by a conspecific with their performance when they have seen a demonstration in which the task is completed automatically in a ‘ghost’ condition.

 Fawcett, Skinner and Goldsmith (2002) trained starlings (Sturnus vulgaris) to remove a plug from a hole on top of a box of mealworms by either pulling or pushing it with their beak. In the ‘enhanced ghost’ condition, the plug was attached to fishing line which was used by the experimenters to pull the plug into or out of the box. As the presence of a conspecific on the apparatus could affect learning by observers, for example through local enhancement, a bird was present on the box during the ghost condition (hence ‘enhanced ghost’) and was allowed to feed from the opened box but did not touch the plug. The observer birds each watched a demonstrator or the ghost open the box by pulling or pushing the plug fifteen times for five sessions before they were given access to the box themselves. The birds that had seen a conspecific open the box showed a significant tendency to use the same method of opening. Of the starlings that had seen the ghost control, all but one of them pushed the plug. Pushing is a natural foraging response for starlings, associated with probing in turfs for insects. The authors concluded that the demonstrator’s performance was a crucial component in the observer’s acquisition of the ‘pull’ response. The starlings’ failure to move the plug in the same direction as they had seen it move in the enhanced ghost condition suggests that they did not learn about the properties of the plug or its movement in relation to their own actions. The birds with demonstrators blindly copied what they had seen rather than learn anything about the task.

    
The result indicates that local enhancement alone was not sufficient for learning to occur but a problem with the design of the experiment is that the ‘enhanced ghost’ demonstration may have been confusing for the observer. The plug removal was performed automatically but feeding was carried out by the conspecific and so observers may have learned that the plug moves independently but, when it didn’t move during their own test sessions, they resorted to their most natural response (pushing) to obtain the worms. A further ‘ghost’ condition with no bird present on the apparatus during the demonstration would help control for this inconsistency and possible distracting effects of the conspecific. 

In a study with pigeons, birds that had seen a trained bird peck through paper lids and eat from the pots below used the same response when they were given access to the pots (Palameta & Lefebvre 1985). Pigeons that had only seen the other birds eating from open pots or pierce the lids without feeding took longer to access the food and probably did so after individually learning the technique. The pigeons had to see the demonstrator perform all stages of the task to acquire the response.  

   
In simple motor tasks, attending to the actions of a demonstrator and copying them is an efficient strategy because there is no need to understand the properties of the apparatus. When it is necessary to learn information rather than actions through observation, the presence of a demonstrator does not necessarily facilitate learning. Biederman and Vanayan (1988) trained pigeons on a visual discrimination to 90% accuracy (proficient demonstrators) or 55% accuracy (non-proficient demonstrators). Each demonstrator was then paired with an observer pigeon that was placed in a separate part of the test chamber and allowed to watch them make 120 responses. Other observers watched the appearance of the stimuli and the food being dispensed in the absence of a demonstrator (yoked condition) at the same levels of accuracy. Observers were then moved into the test half of the chamber and were tested in the absence of the demonstrator to prevent social facilitation. Observers in the yoked condition performed more accurately than those that had watched a conspecific, possibly because those birds had attended to the behaviour of the demonstrators rather than the rules of the task. Observers that had seen a non-proficient demonstration (conspecific or yoked) performed more accurately than those that had seen a consistently high rate of correct responses. Incorrect as well as correct responses revealed something about the relationship between the stimuli and the delivery of food and therefore non-proficient demonstrations exposed the observers to more information than proficient demonstrations. In other studies animals learned more accurately if the demonstrator chose incorrectly between two options than if they chose correctly, suggesting that negative information from conspecifics may be used more effectively than positive information (Darby & Riopelle 1959; Templeton 1998).

1.2.4
Influencing the behaviour and minds of conspecifics

The pinnacle of social cognitive abilities is a ‘theory of mind’ (Premack & Woodruff 1978). This allows individuals to understand the mental states of others and to use that information to manipulate the behaviour and beliefs of others. It is difficult to demonstrate such abilities in animals because they can usually respond to observables such as behaviour rather than directly to a conspecific’s mental state (e.g. Heyes 1993; Penn & Povinelli 2007). Experimenters have designed various competitive foraging tasks to try to assess the ability of animals to understand what a conspecific knows or does not know.

a)
Withholding information and misleading conspecifics 

Animals may be able to reduce the chance of losing out to dominant conspecifics in competitions over food by withholding information about its location or by providing misleading information. The possible use of these tactics in competitive foraging tasks has been investigated in several studies with captive animals including pigs (Held, Mendl, Devereux & Byrne 2000, 2002), ravens (Bugnyar & Kotrschal 2004), and monkeys (Ducoing &Thierry 2003; Coussi-Korbel 1994). 

  
 In a study with ravens, Bugnyar and Kotrschal (2004) studied the natural occurrence of misleading behaviour in four zoo-bred birds (Corvus corax). The birds were allowed to search for cubes of cheese in three different coloured clusters of artificial caches in a large outdoor aviary. The same coloured cluster was baited for three consecutive trials so that the birds could learn to find the reward in the first trial and then choose the same coloured cluster for the next two trials. On a typical trial, the dominant male bird entered the aviary first and waited near the clusters until the subordinate male, who opened the caches most readily, started to remove the lids. When the subordinate bird found a baited cache, the dominant bird quickly approached and displaced him. The subordinate bird responded by opening more rewarded caches or by moving to an unrewarded cluster. The dominant bird often followed him and left the rewarded caches so that the subordinate bird could return and take some of the food. 
The return of the subordinate bird was not the result of being directly displaced from the unrewarded caches, because he often left them before the dominant bird reached them. Although he used the tactic unpredictably as would be expected if he was attempting to deliberately mislead the other bird e.g. by switching clusters on different trials each day and after opening different numbers of caches, the dominant bird eventually learned not to follow him away from the rewarded cluster. This is evidence that the birds responded to each other’s behaviour and learned which responses gave them the best chance of having sole access to the reward. Another indication of this is that although the dominant bird took less of the food when he followed the subordinate to an unrewarded cluster, the subordinate bird did not end up with any more of the food on these trials than on trials when the dominant bird did not follow him. This was because one of the other birds moved to the rewarded cluster as soon as it was vacant. The subordinate bird appeared to respond to current behavioural cues only and would have to learn further appropriate responses to prevent the food being taken by the other birds. 

This study demonstrates how ravens try to exploit one another and learn counter-tactics to overcome this exploitation, without direct training. The ravens showed this behaviour immediately in the experiment but they probably had previous experience of using conspecifics to locate food and may even have learned which conspecifics are the most reliable producers. In the second half of the study, all four birds readily opened caches but the dominant bird continued to exploit the same subordinate bird. 

  
 Other experiments have used greater control over the subjects by giving one of them exclusive knowledge of the location of the food from the beginning of the test. This method may be more likely to reveal attempts to withhold information and mislead conspecifics because the informed subject does not have to concentrate on searching for the food.

  
 In a study with pigs (Sus scrofa), Held et al. (2000, 2002) focused on the behaviour of a competitor that didn’t know the location of the reward and then on the counter-tactics of its informed partner. Heavy pigs were paired with lighter pigs that they could displace at food buckets and this gave the lighter pigs an incentive to approach the food only when alone. In the first part of a trial, a light pig was allowed to forage in an arena containing eight buckets, one of which contained food. In the second part of a trial, the same bucket was baited and the light pig and her heavy partner were allowed into the arena. Heavy pigs searched in buckets recently investigated by the lighter pigs more frequently than expected by chance and found the correct bucket much sooner than they had during training trials in which they searched alone. The heavy pigs learned to follow the light pigs to find the food and this was a more efficient strategy than searching randomly. 

   
The light pigs responded to being followed by trying to avoid meeting the heavy pigs at the food bucket. When this happened, the light pigs were frequently displaced and lost the food to the heavy pigs. The light pigs were more likely to approach the bucket if the distance between themselves and the bucket was shorter than the distance between the heavy pig and the bucket. A light pig was more likely to move away from the food bucket if the heavy pig was not moving than if it was moving away from the bucket. Through previous experience of losing food when the heavy pig was present, the lighter pigs learned to respond to the behaviour of their companions by delaying their approach to the bucket. It would be possible to make a firmer conclusion about whether or not the lighter pig was withholding her knowledge if the test had included trials in which both pigs were ignorant about the location of the food but searched together for it. It is possible that the lighter pig would avoid approaching the buckets with the dominant pig even if she was unsure whether it contained food. The fact that the light pigs could not have known that the heavy pigs did not know which bucket contained food except from their behaviour also suggests that the light pigs responded to the dominant status of their competitors rather than acting on their own knowledge. 

   
Another version of the competitive foraging task removes this uncertainty by presenting the subjects with two different contexts in which to search for food; one in which withholding information or misleading the competitor would be beneficial to the focal individual and one in which it would not give any advantage and may even be disadvantageous. The focal individual is given prior knowledge as to the whereabouts of the food but its competitors are only sometimes informed in this way. In trials where the competitor is informed, the focal animal should try to reach the food as soon as possible. If the competitor is uninformed, it may pay the focal animal to delay its approach to the food until it can reach it alone, particularly if its competitor is dominant and likely to displace the focal animal at the food site.

  
 This approach has been used in two studies with primates [Tonkean macaques (Macaca tonkeana), Ducoing & Thierry 2003; Mangabeys (Cercocebus torquatus torquatus), Coussi-Korbel, 1994] and in both cases, the informed focal individual behaved differently according to whether they were with informed or ignorant competitors during the search phase. When their competitors had been present during the food hiding, the focal animals tended to go to the food as soon as they were released into the enclosure. If the competitors had not witnessed the food hiding, the focal subjects delayed their approach to the food and used various tactics to distract the competitors. Ducoing and Thierry (2003) point out that, even within a species, responses can vary between individuals. In the two pairs of macaques they tested, one of the informed subordinate animals delayed approaching the food by pausing frequently and waiting until the dominant animal was distracted whilst the other delayed his approach by walking away from the food and leading his competitor elsewhere.
 Coussi-Korbel’s (1994) study also highlights the importance of learning in the development of this deceptive behaviour. Her focal subject appeared to discover by accident that when he moved away from the reward after being displaced by a dominant animal, the dominant animal followed him and left the food, allowing him to return to it later. The monkey used the tactic regularly but did not always use it effectively, suggesting that it did not understand or had not yet learned in which contexts it would work. The dominant animal’s behaviour reliably signalled his knowledge i.e. if he knew where the food was, he headed for it immediately but if he did not know, he waited and followed a subordinate monkey, and this could have been used by the subordinate monkey to make the appropriate response without any need for understanding the associated mental state. 

b)
Assigning mental states to conspecifics
Hare, Call and Tomasello (2001) tried to eliminate the possibility that their subjects could use behavioural cues to direct their response by excluding the competitor at the time of decision-making. Two chimpanzees (Pan troglodytes) were held in cages either side of a test room in which two bags were placed on the floor. A piece of food was placed close to one of the bags so that it remained in view of the subordinate chimp. The baiting took place either in view of both chimps (informed sessions), in view of the subordinate alone (uninformed) or in view of both chimps followed by a phase in which the dominant chimp’s door was shut, blocking his view of the test room and the food was moved (misinformed). The dominant chimp’s door was then closed whilst the subordinate chimp was allowed into the test room. The dominant chimp’s door was opened 30 seconds later. 
   
The subordinate chimps approached and took food more frequently when the dominant chimp was uninformed or misinformed about its location than when he was informed, presumably because the subordinate chimp knew that the informed dominant chimp would displace him from the food. It’s unlikely that the subordinate chimp used behavioural cues because the dominant chimp was not visible at the time he chose whether to approach the food or not and, in an earlier study, the presence of the dominant chimp at the time the subordinate chimp made his decision, had no effect on his choice (Hare, Call, Agnetta & Tomasello 2000).
When capuchin monkeys (Cebus apella) were tested with the same methods, they responded to the behaviour of the conspecific but not to their mental state. When two monkeys were allowed to access the food at the same time, subordinates tended not to approach food if the dominant monkey knew where it was but, if the subordinate was given a head-start the dominant’s knowledge or ignorance about the location of the food had no effect on his response (Hare, Addessi, Call, Tomasello & Visalberghi 2003). 
c)
Animals’ awareness of their own mental state
  An animal’s awareness of its own mental state may be a prerequisite for understanding the mental states of others but self-awareness also allows an animal to know when it has sufficient information to make decisions or when it should seek more information. However, some studies indicate that such self-awareness may not be necessary for animals to respond effectively to cues in the environment because individuals can sometimes detect signals without being aware of them. Weiskrantz (1986) first described the phenomenon of ‘blindsight’ in humans with damage to area V1 of their visual cortex. These patients appear to have visual detection without awareness since, although they report being unable to see objects placed in certain areas of their visual field, they can point to them at well above chance levels if asked to guess their locations. Work with monkeys suggests that they too have ‘blindsight’ following damage to comparable areas of the brain (Cowey & Stoerig 1995).

 Behavioural studies on animals’ awareness of their own mental states have concentrated on testing whether animals will respond to uncertainty by seeking further information. If they ‘know’ their own mind rather than have the ability to simply unconsciously detect signals in the environment, they should also be aware of when they do not know something. For example, primates were more likely to spend time searching in tubes if they had not seen which tube the experimenter had placed food in than if they had witnessed the baiting procedure (chimpanzees, orangutans and children, Call & Carpenter 2001; rhesus monkeys,  Hampton, Zivin & Murray 2004).

 
 In a slightly modified version of the test, Paukner, Anderson and Fujita (2006) presented capuchin monkeys with opaque, transparent and bent tubes, some of which contained food. If the food was in the transparent tube, the monkey could see it and did not need to search whereas, if the food was in the bent tube, it was never visible and searching the other tubes was necessary to infer its whereabouts. The capuchins did not adjust their search behaviour according to the location of food which suggests that they did not understand that seeing the food led to them knowing where it was. The authors point out that the monkeys may not have understood the properties of transparency or the bent tube, or were unable to inhibit their searching because it took very little time with no aversive effects. 

Hampton (2001) used a computerized touch screen apparatus to test whether rhesus monkeys (Macaca mulatta) could report when they did not have enough information to complete a task. The monkeys were shown a symbol on a computer screen which they had to touch three times to reach the second part of the test. Two new symbols, the decisions keys, then appeared on the screen. If the monkeys could remember the first symbol they could touch one of the decision keys to reach a memory test where they were shown four symbols, including the original one. Touching the original symbol was then rewarded with the delivery of some peanuts. If the monkeys could not remember the original image they could touch the other decision key to avoid the memory test and collect a small food pellet instead. On a third of the trials the monkeys were not given the option to avoid the memory test. The monkeys’ performance was more accurate on trials they chose to take than trials they were forced to take, suggesting that they used knowledge of their own memories to decide when to take the test. To ensure they could not be responding to other environmental cues, Hampton went on to test them again but this time with probe trials where they were not shown an initial image. The fact that they opted to avoid these trials more than chance suggests that they were aware that they would not be able to complete the final choice tests accurately. Another finding of the study was that monkeys were more likely to reject the memory test the longer the delay between the initial image and the decision phase. This supports the idea that they were aware of how accurately they would be able to recall the initial image.

In non-primate species reports of animals being able to refer to their own knowledge have also been mixed. For example, a dolphin but not  rats performed well on discrimination tasks in which they could opt out of difficult trials (i.e. those with a long delay before the choice phase or where the options were very similar)  (Smith & Washburn 2005). Pigeons tested on a task similar to that used by Hampton (2001) also failed to show evidence of self-awareness as they did not use the strength of their memory for the stimuli as a cue to avoid difficult trials and were no more likely to choose correctly on trials they opted to take than on those they were forced to do (Inman & Shettleworth 1999). Such mixed results across species highlight the importance of examining the individual units that make up more complex cognitive abilities and of considering how individual species might use such abilities according to their ecology.
1.2.5
Social cognition in food-storing animals
 Food-storing animals must secure food in competitive situations and protect their stores against loss to pilferers. Larder hoarders store food in a single place such as their own burrow or nest and can defend it using aggression whilst scatter-hoarders place single items in many widely dispersed caches, and so also reduce the chance catastrophic loss (Vander Wall 1990). Many scatter-hoarders are sensitive to the presence and behaviour of conspecifics and alter their caching behaviour to further reduce the probability that their stored food will be lost to pilferers. In turn, pilferers adjust their behaviour to maximize their chances of being able to steal from caches made by others (Dally, Clayton et al. 2006). Although many studies have shown that pilfering and secretive behaviour occur in scatter-hoarding animals it is not known how far the animals simply learn to respond to social and non-social cues that predict cache loss or pilfering opportunities and how far they are able to use complex social cognitive skills. 

a)
Responses to the presence of conspecifics or their activity

In two studies with ravens (C. corax), experimenters made observations of free-ranging wild birds and hand-reared birds kept in aviaries. This approach allows the study of a species’ capabilities under controlled conditions (in aviaries) and the situations in which they naturally occur (in the field) (Heinrich & Pepper 1998; Bugnyar & Kotrschal 2002). Ravens cache highly valued, perishable meat and so are likely candidates to have evolved cache-protection strategies and tactics to secure pilfering opportunities. Heinrich and Pepper (1998) provided four birds with either one or 15 pieces of meat in an aviary complex, either individually or as a group. The birds cached more rapidly, began caching sooner and tended to fly further away to make caches when conspecifics were present than when they were alone, but only if this gave them access to more food. In trials where only one monopolizable piece of meat was available, there was no effect of social context. In the wild, where over 40 birds were seen feeding on one carcass, the birds flew too far away to record caching events but four individuals were observed to make an average of 4.8 caching trips each per hour. When just two wild birds were caching from one carcass, they made over double this number of caching trips per hour, occasionally walking from the carcass rather than flying and sometimes remaining in view of the experimenters whilst caching. Competition at the food source may be the signal to alter caching behaviour, with individuals transporting food to distant, secure locations when competition is high and using closer locations when caching alone or with little competition. Other birds respond to evidence of a high density of background competitors. Magpies (Pica pica) spaced their caches farther apart in an area where the risk of pilferage was high compared to magpies in an area with fewer potential pilferers (Clarkson, Eden, Sutherland & Houston 1986). This strategy has the effect of reducing the likelihood that a naïve forager will uncover multiple caches by making an area restricted search.

Some mammals also change their caching behaviour with changes in the risk of pilferage (Leaver 2004; Hansson 1986; Preston & Jacobs 2001; 2005). In an indoor arena Merriam’s kangaroo rats (Dipodomys merriami) switched from scatter hoarding sunflower seeds to mainly storing them in their burrows when their caches had been emptied by a conspecific, although the presence of a conspecific without pilferage had no effect on their caching behaviour (Preston & Jacobs 2001). In another study, the presence of a dominant heterospecific competitor (Dipodymys microps, chisel toothed kangaroo rat) close to the preferred (dimly lit and richly furnished) side of the arena did not influence caching by Merriam’s kangaroo rats but a combination of the presence of the competitor, loss of caches and scent from the competitor in the preferred side of the arena caused them to place more caches in the less preferred side (Preston & Jacobs 2005). This may be a reflection of their relatively solitary lifestyle in which always responding to the sight of a single competitor is not adaptative and responding to direct evidence of cache loss would give a better indication of the risk of pilferage. Social species have more opportunity to respond to conspecifics directly. For example, ravens regularly feed in flocks on carcasses where they can learn about the behaviour of conspecifics and its consequences. For social species there would be considerable value in being able to use the sight of a conspecific at the time of caching as a reliable instruction to change caching behaviour as well as using cues from non-social information like the availability of food or the loss of caches. 

b)
Observational spatial memory

The ability to learn and remember the locations of a conspecific’s caches through observation would be most useful for species where individuals live closely with others and regularly encounter conspecifics making caches but also for species that have high demands for stored food. Studies on observational spatial memory have been carried out with four species of seed-caching corvids that show different degrees of sociality, combined with a different level of reliance on hoarded seeds. Pinyon jays are social and rely on stored food, Mexican jays (Aphelocoma ultramarine) live in large flocks but do not rely on stored food as much, Clark’s nutcracker generally live in pairs and use cached food for up to 11 months a year, whilst western scrub jays are also solitary but cache less than the other species. (Shettleworth 1998, p 518) 

Bednekoff and Balda (1996a, cited in Bednekoff & Balda 1996b) found that Pinyon jays can learn about the location of another bird’s caches through observation and went on to compare Mexican jays and nutcrackers on the same laboratory task to establish whether both traits (sociality and stored seed dependence) are required for the ability to develop (Bednekoff & Balda 1996b). Both species were able to locate food they had stored or seen a conspecific store in sand-filled cups 24 hours earlier. Jays tended to be more accurate than nutcrackers as observers and nutcrackers more accurate as cachers. Although this fits in with the theory that observational skills become well developed to take advantage of social living, the design of the experiment means that the results should be interpreted with caution. The subjects were wild-caught as adults and therefore, the social jays probably had more experience of observing others than the solitary nutcrackers. During the experiment, limited numbers meant that the jays had to be used as both observers and cachers whilst the nutcrackers were divided into separate groups, giving the jays a wider experience of the test. The observer and cacher were required to be in close proximity which was unnatural for the nutcrackers. During caching, the nutcracker observers tried to stay as far away as possible from the caching bird and this stressful situation may have affected their performance. As both species did accurately retrieve caches they had observed (and scrub-jays are also able to learn about cache location through observation, Watanabe & Clayton 2007), the results suggest that the occurrence of sociality and cache reliance together are not needed for observational spatial memory to exist.

Bednekoff and Balda (1996b) carried out a second experiment in which the jays and nutcrackers watched conspecifics make caches and then, 24 hours later, watched the same birds recovering some of the caches. After a further 24 hours, the cachers and observers were given separate access to the same arrangement of caches. Nutcracker observers did not recover caches accurately after 48 hours, although the cachers did. The jays performed equally well as cachers or observers but they visited both seed-holding and empty sites. Interestingly, none of the birds avoided the sites where food had been removed 24 hours after caching. It is possible that the observers were unable to distinguish between a bird putting food in to and removing food from a cup but this does not explain why the caching birds returned to cups they themselves had emptied.

In other studies, nutcrackers (Kamil, Balda, Olsen & Good 1993) and black-capped chickadees (Poecile atricapillus) (Sherry 1984) also revisited sites they had recently emptied or had encountered as emptied sites although they were less likely to visit them than cache sites still holding food. This could indicate a need for forgetting time to allow the memory to be updated, in both the caching bird and observers (Kamil et al. 1993).

c)
Witholding information

Bugnyar and Kotrschal (2002) observed that both wild and captive ravens frequently stopped caching, recovered the food and moved to new sites if they were approached by a conspecific. Conspecifics that had observed another bird caching could accurately locate the buried food but they often delayed approaching the site until the caching bird had left the vicinity. If they approached too soon, the cacher returned and aggressively defended its caches or retrieved the food. These strategies, by the cacher and the observer, were successful since caches made in private were less likely to be found by conspecifics and observers that delayed stealing attempts until the cacher had left the site were more likely to take the food than those that approached the cache whilst the cacher was still close by.          

In both the field and the aviary, birds often cached close to large objects such as trees and rocks and, in the aviary, it was confirmed that these objects were between the cacher and other birds, probably blocking the view of the caching event from these other birds. Bugnyar and Kotrschal (2002) concluded that ravens are able to adjust their behaviour according to the behaviour of conspecifics, during both caching and raiding attempts and are capable of withholding information with the purpose of manipulating others’ attention. The cognitive mechanisms involved in this deception and the counter tactics of the on-lookers can not be determined from these results. The authors point out that individuals often made mistakes, like approaching another’s cache too soon, suggesting that, even if they do intentionally withhold information, some learning is involved. Experience of caching and stealing would establish the most successful strategies to adopt through trial – and – error.

  
Caching behind rocks blocks the view of potential thieves but it also prevents the cacher from seeing any conspecifics. If birds learn that caching alone leads to the best chance of caches surviving they should choose to cache where they can’t see any other birds.  A preference for caching close to landmarks has been reported in other food-storing birds (Clark’s nutcracker, Vander Wall 1982) as they provide reference points for cache relocation. Ravens may also use landmarks as an aid to memory and this could help explain why they chose to cache close to rocks in Bugnyar and Kotrschal’s (2002) study. 

  
 In a study with scrub-jays in the laboratory, birds preferentially placed caches in a shaded tray if another bird was in a neighbouring cage but used both a shaded and a well-lit tray if they were caching alone (Dally, Emery & Clayton 2004). As the observer remained in view of the caching bird from either tray, it was impossible to make caches in private but caching in the shaded tray restricted the information available to the observer and may have made it less likely that the observer would be able to learn or remember the location of caches accurately. A possible alternative explanation for the result is that cues from the observer (e.g. if it positioned itself opposite the lit tray where it had a chance of seeing where caches were made) may have led the caching bird to prefer the other (dark) tray. The authors did not see any obvious signs of this (Clayton, personal communication) but it remains possible that more subtle behavioural cues that were only detectable by the birds were present. In another study by Dally, Emery & Clayton (2005a), when scrub-jays were allowed to cache in two trays, they preferred the tray farthest away from a conspecific, although a further study found no obvious signs that the observer bird’s behaviour affected caching strategy (Dally, Emery et al. 2006). Other studies on misleading conspecifics (discussed earlier) suggest that individuals competing for food do constantly respond to cues from each other. 
d)
Assigning mental states to conspecifics
 Bugnyar and Heinrich (2005) tested ravens on their ability to distinguish between competitors with different mental states in two experiments. In the first, one raven stored meat in a caching arena while two other ravens were kept in compartments so that one could see the caching bird (observer competitor) and the other could not (non-observer competitor). In the next stage of the test, the storer was allowed to recover its caches. It retrieved more of them when it was with a competitor than when it was alone. When the competitors approached a cache closely (<2m), the storer was motivated to recover the cache but the total percentage of recovered caches depended on which bird approached it. Over 25% of caches approached by the observer were recovered by the storer, compared to less than 5% of those approached closely by the non-observer.
 The authors concluded that the storer was able to remember whether the competitor was visible or not during the caching stage and to use that information to decide whether or not the caches were at risk of being pilfered. However, it is possible that the storer responded more directly to its competitor coming close to its caches. The results are presented as percentages but if the observers approached caches more frequently than non-observers, it may have indicated a greater risk of pilferage and motivated the storer to recover more of its caches during these sessions. There may also have been behavioural cues, not visible to the experimenters, from the competitor to the storer. The observers may have approached caches purposefully whereas the non-observers’ approaches would have been by chance. There is some evidence from a later study with the same birds that ravens feign ignorance when searching for caches they have seen being made if the storer is present during the search. Bugnyar and Heinrich (2006) found that the observer birds delayed their approach to caches and began by searching in empty sites if the caches’ owner was there to defend them but not if another competitor who had also witnessed the caches being made was present.

  
In the second experiment (Bugnyar & Heinrich 2005), three ravens were kept in compartments whilst a person stored one piece of meat. Two of the birds (the focal bird and the observer) could see the person burying the food and one bird (non-observer) could not. The focal bird could see both other birds and could see that the non-observer’s view of the caching arena was blocked by a cover over the window. The focal bird was then released into the caching arena with one of the other birds. Each focal bird had four trials where the competitor was dominant or subordinate and was an observer or non-observer. The focal bird always headed straight to the cache when it was paired with a subordinate bird because it could physically compete at the cache site to secure the food if necessary. When the competitor was dominant, the focal bird used differing responses. Both birds headed straight for the cache if the dominant bird was an observer but, if the dominant bird was a non-observer, the focal bird delayed its approach to the cache. The focal bird may have remembered whether the dominant bird had seen the caching or not and chose the approach strategy that gave it the best chance of securing the meat. As the focal bird often started moving towards the cache before the dominant observer bird, it seems unlikely it was relying on behavioural cues from the dominant competitor to choose the best response. Another interpretation is that the birds’ natural response was to approach the cache immediately but, when the dominant bird did not do so (because he had not watched the food being hidden) the focal bird was distracted or confused and this resulted in a delay to its approach to the cache. One way to distinguish between these possibilities would be to run a trial with a dominant non-observer but then repeat the caching in the presence of the dominant bird only. The focal bird should still believe that the dominant bird is ignorant about the location of the cache. If the focal bird was responding to what he believed his competitor knew he should delay pilfering but if he was responding to the behaviour of his competitor he should head straight for the cache.

e)
Perspective taking
By controlling the caching, observing and pilfering experience of scrub-jays in the laboratory, Emery and Clayton (2001) tested how different experiences affect the influence of social context on caching. Scrub-jays recovered and re-cached more food if they had been observed during the initial caching trial than if they had cached in private. To test whether recent conspecific presence was sufficient to trigger re-caching behaviour, interleaved ‘observed’ and ‘in private’ caching trials were presented in which the birds were allowed to cache in one of two sand-filled trays according to the social context. When they were finally given access to both trays, they re-cached more caches from the ‘observed’ than from the ‘in private’ tray. This result indicates that the presence of a conspecific did not motivate observer to re-cache generally but suggests that observers formed more precise associations between the trays and the presence or absence of a conspecific. Interestingly, only birds that had experience, in a previous experiment, of stealing food cached by a conspecific showed this flexible use of re-caching. Birds that had experience of observing other birds making caches but not of pilfering did not alter their caching strategies according to the social context. The pilferers were able to relate their own experience of being a pilferer to the possibility that their caches might be stolen and could then use this information to decide when to move caches and when they were safe. 

Pilfering experience in this set of experiments gave the birds an additional experience of the cages and allowed them to encounter another bird’s caches, indicating that other birds could be present in the caching part of the cages. The ‘observer’ group had only ever cached and recovered from their own trays and they may have learned to modify their caching behaviour by ignoring observing birds during the experimental procedure. Subtle differences in cues from observers may also have had an effect here. For example, previous experience of finding caches in other birds’ trays may make the jays more attentive observers and cause the caching bird to be unsettled and less able to use cache protection strategies effectively; birds caching in front of less attentive observers (perhaps those that are ignorant about the possibility of pilferage) may be more able to focus on their caching and selectively recall and move observed caches at a later time.   
1.2.6
Social cognition and caching in the grey squirrel (Sciurus carolinensis) 

The eastern grey squirrel is a scatter-hoarding mammal native to North America but introduced to Britain in the 19th century. Squirrels store food, mainly acorns and nuts, by burying it in the ground (caches) for use when food is scarce. MacDonald (1995) calculated that squirrels need to store a minimum of 6000 nuts each year and probably store more than this, up to 12000. Studies with naturally made (Jacobs & Liman 1991) and experimenter-made caches (MacDonald 1997) have found that squirrels have an accurate spatial memory for the location of their caches but also use olfaction when recovering them (MacDonald 1995).

Although grey squirrels are not regarded as highly social, dominance hierarchies are formed within populations (Allen & Aspey 1986), and individuals behave differently towards kin (affiliative behaviour) and non-kin (aggressive behaviour, Koprowski 1993; 1996). Even if they are considered to be relatively solitary, squirrels live in overlapping home ranges (Don 1983) and so their caches are vulnerable to theft by conspecifics as well as heterospecifics. Strategies to minimize the risk of cache loss to pilferers may therefore have evolved. Estimates of the rate of pilferage from squirrels’ caches range from 1-95% per day (reviewed in Vander Wall & Jenkins 2003), but these studies relied on experimenter-made caches which may not have replicated ‘natural’ caches e.g. too shallow, distributed in regular grids, and they did not take account of the possibility that cache owners may manage caches by digging the food up and storing it in new sites. 

Some studies suggest that squirrels do change their caching behaviour when conspecifics are present. For example, squirrels carried food farther away from a feeder when more conspecifics were present (Spritzer & Brazeau 2003) and, the research group I previously worked with found that they travelled farther between each hole they dug in the ground when other squirrels were present than when they were alone (Leaver, Hopewell, Caldwell & Mallarky 2007). These strategies have the effect of reducing the likelihood that conspecifics will find caches whilst searching near the source or, if they do, that they will find more than one through area-restricted searching. It is not clear whether the cacher uses these strategies for this purpose, for example after associating the presence of conspecifics with cache loss or if the presence of other squirrels causes the hoarder to move away simply in order to find an unoccupied site in which to make a cache. 
In the field study (Leaver et al. 2007), we found that squirrels responded differently to conspecifics and heterospecifics, suggesting that the choice of caching site was influenced by the presence of a potential pilferer rather than simply the presence of any other individual. When digging, squirrels orientated to face away from conspecifics but not from corvids. This behaviour may be a method of obtaining privacy either for the benefit of the hoarder or to prevent potential pilferers from being able to see exactly where the cache has been made. Observational learning of cache locations has not been studied in scatter-hoarding mammals, although there are anecdotal reports of individuals taking food soon after it has been cached by a conspecific (squirrels, Steele et al. 2008; Merriam’s kangaroo rats, Daly, Jacobs, Wilson & Behrends 1992). The fact that squirrels alter their caching behaviour in the presence of conspecifics suggests that conspecific onlookers do pose some threat to caches. 

Another behaviour associated with caching is ‘deceptive caching’ in which squirrels dig holes in the ground but do not deposit food in them; Steele et al. (2008) also observed grey squirrels covering holes they had dug but left empty. The purpose of this behaviour may be to make exploratory digs to assess the suitability of the site (possibly re-covering accidentally uncovered food) but it may also serve to mislead conspecifics as to the cache’s location. A study with scrub jays found that a similar behaviour in which the bird actually buries but then retrieves the food, sometimes multiple times before finally caching it, occurs mainly in the presence of conspecifics (e.g. Dally et al. 2005a). In squirrels, the presence of conspecifics per se did not appear to affect the frequency of the behaviour (Steele & Koprowski 2001, pp 80-81), but the likelihood of  ‘deceptive’ caches occurring increased as the number of squirrels within 20m increased (Steele et al. 2008). In fact, rates of these ‘deceptive’ caches were as high as 13-22% of the total caches observed, which is a much more frequent occurrence than that expected for successful deceptive behaviours (Heyes 1993) and suggests that its primary purpose is not to mislead conspecifics. 
1.3 
Thesis preview
The purpose of this thesis is to further our understanding of social influences on food-storing behaviour by studying the caching behaviour of a mammal and by investigating how its ability to respond to social factors differs from its ability to respond to non-social factors. In the thesis, grey squirrels are presented with situations that capture aspects of their natural caching behaviour in a series of experiments. In experiments 1 and 2, the ability of captive squirrels to learn by observing a conspecific and a non-social cue is tested in the laboratory. The results of these experiments are further examined in experiment 3 by testing whether squirrels have the ability to make inferences from what they observe. Experiments 4 and 5 are field studies and examine the influence of conspecifics and food-related factors on the natural caching behaviour of wild squirrels. Finally, in experiments 6-9, captive squirrels are tested on a one-trial learning test to investigate how the presence of a conspecific or heterospecific and olfactory cues influence cache-recovery behaviour.

CHAPTER 2: GENERAL METHODS
2.1 
Captive Squirrels 

2.1.1 
Squirrels and housing

The squirrels I used in these experiments were wild-caught from parkland in Devon or captive-raised at a sanctuary in the UK. The squirrels were kept in two groups; one group (containing both wild and captive-raised squirrels) from November 2003 until July 2007 and the second group (all captive-raised squirrels) from July 2007 to August 2008 (table 2.1.1). They were housed in four large indoor cages in trios, pairs or singly (three cages of size 1.9 x 1.8 x 2.5m in one room and one cage of size 3 x 1.8 x 2.5m in a separate room, see figure 2.1.1). For identification purposes, I made distinctive markings with black hair dye on the fur of some of the wild squirrels. To apply the dye, I set Tomahawk live traps in the home cages and checked them every hour. When a squirrel was trapped, I wore thick gloves to line the trap up with a wire mesh handling tube and waited for the squirrel to move into it. I used cotton wool buds to apply the dye in distinctive patterns to the fur on their legs or back and allowed it to dry briefly before I released the squirrel back into its cage. Over time, I could tell the difference between squirrels kept in a single cage by the natural variations in their body size and tail length and this was always sufficient to tell the captive-raised squirrels apart (table 2.1.1). 

The home room cages contained metal nest boxes with towelling and tissue paper bedding, climbing ropes, branches, shelves, puzzle feeders and large cardboard tubes on the floor and suspended horizontally from the roof. The floor was covered with hemp bedding and trays containing a deep layer of wood chip, wood shavings or hemp bedding were provided to allow the squirrels to dig. Lighting was on a timer with a 16h light: 8h dark cycle.

Whenever possible, I monitored the squirrels’ health by visually inspecting them via the cameras in the test room (wild-caught squirrels) or whilst they were in their home cages (captive-raised squirrels) rather than trapping and handling them in order to avoid causing them any stress. I also bore this in mind when designing the experiments and obtained approval from the departmental ethics committee for all studies with the captive squirrels (see appendix I). Approximately once every six months, however, the squirrels had to be trapped and removed from their home rooms so that the cages could be cleaned out and supplied with fresh hemp bedding, clean nest bedding and furniture. Whilst the squirrels were trapped, the technicians and I checked their condition thoroughly (coat, weight, teeth), re-dyed them if necessary and sprayed them with an anti-flea treatment. 

The squirrels were fed in their cages on a selection of fruit, vegetables, seeds and various nuts. During testing, I supplied their preferred nuts (pecans, walnuts and pistachios) as reinforcement in the test room only and they were fed their maintenance diet when they had completed the daily test session. Water with a vitamin and mineral supplement was available in bottles at all times in their home cages and plain water was available in the test room. 
2.1.2 
Test room

The test room was between the two home cage rooms (figure 2.1.1). It contained a large cage (3 x 1.8 x 2.5m) with a metal mesh front and ceiling and solid concrete walls on two sides and at the back. The cage was divided in half by a metal mesh wall. Each half of the cage had a door in the front wall to allow the experimenter to enter and there was a small door in the central mesh wall that could be opened from outside the cage to allow squirrels to move between the two halves of the cage. 
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Figure 2.1.1 Plan of the squirrels' housing and test room. All cages were floor-to-ceiling in height with a door in the front wall to allow the experimenter to enter. Thin grey lines represent metal mesh walls and thick black lines indicate solid walls.

Each half of the cage was accessible to the squirrels from one of the home cage rooms via a hole in the wall, 2m from the ground. In the room with three home cages, a metal mesh tunnel connected each of the cages to the test room. The squirrels could enter the tunnel through a hole in the front wall of their cage. All of the holes could be covered by metal plate doors. The arrangement of doors was such that only squirrels from one cage had access to the test room at once. The single home cage in the other room (cage 4, figure 2.1.1) was directly connected to the test room by the hole in the wall which could also be covered by a metal plate door. A panel containing a touchscreen and automatic pellet dispenser (for use in other experiments) was positioned above the doors in each half of the test cage with a wide shelf below each one. 

Cameras were attached to the wall opposite each half of the test cage and inside the cage. These were connected to a computer outside the room so that the experimenter could watch the tests on a monitor and record trials.

2.1.3
 Training 
Little work had previously been done with squirrels in indoor enclosures, so I had to use considerable trial and error to train them to enter the test room. I began by placing the food bowl from one of the cages in the test room and leaving the door to the tunnel above that cage and the door covering the hole in the wall open all day. I repeated this over four weeks, with a different cage having access to the test room each day. To further encourage the squirrels to visit the test room and to explore both halves of the test room cage, I then removed nuts from their maintenance diet and scattered hazelnuts, almonds, walnuts and pecans in various places on the test cage floor. I used the video cameras to confirm that all squirrels had visited the test room and then gradually reduced the time each cage had access to the test room to around 2-3 hours a day, around the times they seemed to be most active. This was usually at times between 11:00 – 13:00 or 15:00 – 19:00 for the wild caught squirrels and 10:00- 13:00 or 15:00-17:00 for the captive –raised squirrels. The captive-raised squirrels quickly learned to enter the test room as soon as the door to the tunnel and/or test room was opened but the wild squirrels did not. The wild squirrels spent large portions of the day in their nest boxes or cardboard tubing and so may have been unaware that the tunnel was open during those 2-3 hours. To overcome this, whenever I opened the tunnel doors, I also opened and closed the cage door (an auditory signal) and stuck a piece of red card (20 x 20cm) close to the tunnel door inside their home cage to act as a visual signal that nuts were available in the test room. One squirrel did learn to enter the tunnel within 5-10 mins of the door being opened, possibly using the noise of the door as a signal to leave her nest box but I had to test the other wild-caught squirrels by leaving the tunnel door open for many hours until they were active, and chose to enter the test room.

 
I isolated individual squirrels for testing by closing the cage-tunnel door when one squirrel had entered the test room. The door covering the hole in the wall was also closed during testing but was left open if I needed to enter the room so that the squirrel could move away. If two squirrels from a cage entered the test room together, I closed the cage-tunnel door and then waited for one of the squirrels to return to the tunnel. I then closed the door covering the hole in the wall, trapping one squirrel in the tunnel and one in the test room. I then let the squirrel in the tunnel return to its home cage by opening the cage-tunnel door. When the two captive-raised squirrels from the home room without the tunnel entered together, I waited for one of them to return to the home cage before closing the door. Over the course of testing, both pairs that were housed in that room established a routine where one of the pair always entered first and was tested before returning and allowing the other to enter the test room. 
Table 2.1.1 Details of the captive squirrels 

	Squirrel
	Age when obtained
	Sex
	ID markings
	Period in lab
	Home cage 
	Experiments

	LF*
	Adult (>1 year)
	Female
	Wavy ear rims
	6/6/05 – 29/6/07


	1
	1,6

	DR*
	Adult (>1 year)
	Female
	Black ‘D’ dyed on back


	27/11/03-29/6/07
	1
	1,6

	SM*
	Adult (>1 year)
	Female
	Hole in right ear
	11/12/03 – 29/6/07


	2
	1,6, 7

	BB*
	Adult (>1 year)
	Male
	Black band dyed on body


	18/11/03 – 25/5/07(
	2
	1

	SH*
	Adult (>1 year)
	Female
	Short but bushy tail
	14/6/04 – 26/3/07(

	3
	1

	CD
	~3 years
	Female
	Thin face, dark fur 


	1/7/05 – 4/7/07
	4
	       1,3,6,7

	BY
	~3 years
	Male
	Large body, pale grey fur


	1/7/05 – 4/7/07
	4
	1,3,6,7

	IT
	~4 months
	Female
	Pale fur
	5/7/07 –13/8/08


	2
	2,3,6,7,8,9

	SC
	~4 months
	Male
	Brown face


	5/7/07 –13/8/08
	2
	2,3,6,7,8,9

	RK
	~4 months
	Male
	Red face and back


	5/7/07 – 25/2/08(
	1
	2,3,6,7,8,9

	NV
	~4 months
	Male
	Dark band on muzzle


	5/7/07-13/8/08
	1
	2, 3,8,9

	DE
	~4 months
	Female
	Very large ears


	5/7/07-13/8/08
	4
	 2,3,6,7,8,9

	MO
	~4 months
	Male
	Dark fur, very small 
	5/7/07-13/8/08
	4
	2,3,6,7,8,9


* These squirrels were obtained from parkland in Devon (with permission of home office inspector). All remaining squirrels were obtained from a sanctuary and had been hand raised. On the date at the end of their period in the lab all squirrels were either euthanized (wild-caught), returned to the sanctuary (captive-raised) or had died of unknown causes in the lab (. Key: Experiment 1 = Learning with a social cue; 2 = Learning with a non-social cue; 3 = Hidden food test; 4 and 5 are field studies; 6 = one-trial learning; 7 = memory and behaviour test; 8 = motivation test; 9 = olfaction test.
2.1.4 
A note on captive versus wild raised squirrels and age at the time of testing
It became apparent over the course of testing that the wild-caught squirrels did not habituate very successfully to the laboratory. As well as the difficulties in training them to enter the test room reliably, they spent much of the day out of sight, resting in their nest boxes or cardboard tubes. I often found that they had emptied their puzzle feeders and climbed and chewed the branches, but always in the evenings, over night or during holiday periods when few people were in the laboratory, and never when people were actually in the home cage room. The captive-raised squirrels were much more active, and made full use of their hanging baskets, climbing branches, shelves and puzzle feeders, whether people were present or not. Another difference was that I often saw the captive-raised but not the wild-caught squirrels make caches in their home cages. I found nuts hidden under the floor bedding and in their nest boxes when all cages were cleaned out, so it is possible that the wild-caught squirrels did store food but, again, only when in private. 

Once in the test room, I found that all squirrels quickly learned to use the apparatus and move between cages. Some squirrels, both wild and captive-raised, took long pauses between trials, sitting still or grooming. The most notable difference between the wild and captive-raised squirrels was that the wild-caught squirrels were much more readily disturbed by noises from other parts of the lab. Following a disturbance, the wild-caught squirrels often remained still for two or three minutes before resuming the task in the test room; the captive-raised squirrels, if disturbed at all, resumed their activities within seconds. 

All of the wild-caught squirrels and two of the captive-raised squirrels (CD and BY) were adults when tested but the remaining squirrels were between 4 and 10 months old. Squirrels develop their full behavioural repertoire by the age of 70 days (Koprowski 1994) so I did not expect any large differences in their behaviour or abilities due to their development, although I kept this mind and looked out for them. 

2.2 
Wild squirrels

2.2.1 
Observation sites
Experiments 4 and 5 were field studies. Two areas of the University of Exeter’s Streatham campus were used for observations. They were located about 500m apart, sufficient to ensure that I observed different squirrels at each site (site 1, latitude N50:44:04, longitude W3:32:04; site 2, latitude N50:44:15, longitude W3:32:29). Site 1 consists of approximately 0.6 hectares of parkland scattered with trees (Quercus, Pinus, Picea and Podocarpus spp.) and bounded on three sides by rhododendron bushes, a pond, and a group of pine trees and has been used to make observations of wild squirrels several times during previous years (e.g. MacDonald 1995, 1997; Leaver et al 2007). Site 2 is of similar size on a south-west facing slope with trees (Quercus, Pinus, Tilia and Eucalyptus spp.) scattered over the area and bound by a road, foot paths and buildings at the bottom of the slope and was being used for other experiments during the period of observations (although not at the same time).

 
Although the squirrels at the sites do not approach people, they are habituated to their presence and continue their normal activities when they are present.

To attract squirrels to the sites, a metal tray containing a mixture of walnuts, pecans, almonds and hazelnuts (all in shells) was placed on the ground near the centre of the site. Squirrels began visiting the tray regularly at both sites within 3 weeks. A digital video camera was used to record squirrels for identification and data collection.

2.2.2 
Identification of squirrels

For experiments 4 and 5 at site 1 and experiment 5 at site 2 I selected individual squirrels with a distinctive tail shape and/or fur markings for observation. Over the course of the three week habituation period in which squirrels learned to visit the tray of nuts I was also able to use differences in their behaviour to help me identify them e.g. whether they approached the tray by running or walking with frequent pauses, the direction they arrived from and whether they behaved aggressively towards other squirrels or were frequently chased away (Table 2.2.1). To test the reliability of identification, thirty still pictures were taken from the video footage and an independent observer who was inexperienced in identifying wild squirrels was asked to group pictures of the same squirrel together. The independent observer agreed with the experimenter on 76.7% (23/30) of the pictures. As I could also make use of each squirrel’s typical behaviour for identification and was experienced at identifying squirrels during my MSc work and as a research assistant for two years previously, I took this as an acceptable level of agreement. 

For experiment 4 at site 2, squirrels were trapped, marked with black hair dye, PIT tagged and released, with permission from ‘Natural England’ (licence NNR/2007/03). Traps were set under large trees across the site and baited with peanut butter and peanuts. At least two people remained on site and monitored the traps every 45 – 60 minutes. When a squirrel had been trapped it was transferred into a wire mesh handling tube. Cotton buds were used to put black hair dye onto the squirrel’s back, sides, shoulders, tail or legs (a different pattern for each squirrel). A PIT tag was injected under the skin in its rump to allow long term identification. The squirrel was then released.

Table 2.2.1 Identification of the wild squirrels.

	Squirrel
	Site
	Experiment
	Identification notes

	BL
	1
	4
	Short bushy tail with slanted tip; always approached site from left



	BU
	2
	5
	Long bushy tail; brown shoulders



	CH
	1
	5
	Small, wide body; short, wide tail with flat end



	FT
	1
	5
	Forked tail tip



	HP
	2
	4
	Black spots dyed on hips



	LB
	1
	5
	Brown back and crown; black bar across tail tip; often first to arrive at the site and always ran to nut patch



	LT
	1
	5
	Pale grey body, very long, thin tail, moult line on face



	MT
	2
	4
	Black band dyed around middle of tail



	NK
	2
	4 & 5
	Only one eye and one ear; chases others off nut patch



	NW
	1
	4
	Orange/brown patches on fur; long tail with dark pointed tip



	PL
	1
	4
	Pale grey fur; moult line on both sides of the face; folded right ear; always approached nut patch slowly



	RT
	1
	4
	Brown shoulders; short tail with sparse fur at the tip; often chases other squirrels



	SB
	2
	5
	Pale grey body fur; short but bushy tail



	SD
	2
	4
	Dyed patches on each side of the body; moult line on the face



	TT
	2
	5
	Large body; long thin tail with sparse fur at the tip


Key: Experiment 4 = Effects of competition and food availability on travel time; experiment 5 = Social influences on the time spent caching.
CHAPTER 3: learning with social and non-social cues.

Experiments 1 and 2 have been submitted as a single study to Animal Cognition.
3.1 
Introduction

Two previous studies have indicated that when animals learn to choose between two containers for a food reward after observing a conspecific make a choice, they learn to select the opposite container to the one chosen by the conspecific more readily than to select the same one (Darby & Riopelle 1959; Templeton 1998). In these studies, a conspecific demonstrator opened one of the two containers and found either that it was empty or that it contained a piece of food which could be removed and eaten. The test subjects then had to select the same container if the demonstrator had found food and the opposite one if they had been unsuccessful. The results cannot be explained by a tendency of the test subjects to simply avoid where the conspecific had been because animals that had to choose the same container performed at chance levels rather than consistently choosing incorrectly. Instead, the results suggest that animals were able to use negative information (food is absent) more readily than they used positive information (food is present). 



However, the presence or absence of food in different trials created a confound because the animals may have interpreted the sight of a conspecific removing food to mean either that food was no longer available (‘the depletion effect’, Templeton 1998) or that some remained,  whilst an unsuccessful conspecific unambiguously indicated an empty container. 



Animals have been found to observe conspecifics and learn from them in many foraging situations (review by Galef & Giraldeau 2001) and, by making their own decisions based on the information generated by conspecifics, rather than simply copying them, they can avoid copying mistakes (Giraldeau, Valone & Templeton 2002). Studies on a range of species in captivity have found that individuals can utilise information they obtain from observing conspecifics. For example, sticklebacks selected foraging sites according to where the rate of foraging success was highest rather than simply where the greatest number of conspecifics had congregated (Coolen, Ward, Hart & Laland 2005). In a group of baboons, subordinate animals copied dominant members of the group when choosing which zone of an arena to search for food but one dominant animal learned to choose between the different zones correctly, even when the position of the rewarded zone was moved, by watching the outcome of conspecifics’ searches first (Pallaud & Lepoivre 1985).

 Some scatter-hoarders (mainly corvids, review by Dally, Clayton et al. 2006; but also anecdotally in kangaroo rats, Daly et al. 1992 and grey squirrels, Steele et al. 2008) have also been found to be able to use information obtained by watching conspecifics make caches to pilfer the food, and to some extent remember which caches have already been recovered (Clark’s nutcrackers and Mexican jays, Bednekoff & Balda 1996b). One aim of the current study was to establish whether the results of the previous social learning experiments were dependent on the demonstrator providing different information to the test subjects (i.e. container empty v. container does/did contain food) or if the tendency to choose the opposite container to a conspecific persists when the same unambiguous information is provided to all test subjects.



The results of these social learning studies are of interest because they suggest the presence of a feature-negative effect (FNE). That is, the animals learned that the presence of a conspecific (the feature) at one of the two containers predicted the absence of food more readily than they learned that the conspecific predicted the presence of food. Studies of discrimination learning with non-social features have found both FNEs (with lights as the feature, Haggbloom 1983; Haggbloom & Sheppard 1986; food as the feature, Haggbloom 1983; a tone as the feature, Looney & Griffin 1978) and more commonly, feature-positive effects (FPE, in which the presence of a feature is associated with a reward more readily than with the absence of reward; e.g. abstract shapes as the feature, Jenkins & Sainsbury 1970; motion as the feature, Dittrich & Lea 1993).


Although social learning is categorized separately from other forms of learning, actual differences between the two are not well described or understood (Heyes 1994). Investigating which aspects of the discrimination tasks lead to the FNE and whether they are the same when social and non-social features are used will provide information on how social and non-social learning differ. In social learning, the FNE may arise because the observer interprets what it sees the conspecific do and makes its choice based on its own expectations and previous experience of what it has seen i.e. that the container is now empty. Animals are more prepared to form such logical associations than random or illogical ones (Seligman 1970). In the non-social studies there is unlikely to be any preconceptions or learning bias and so the FNE in these studies cannot be explained in this way. In some cases it is related to methodological issues. For example, the feature may have been aversive (light, Haggbloom 1983), the presentation of the feature interfered with the pattern of reinforcement (when the feature is a reinforcer, food, Haggbloom 1983) or responses elicited by the feature were not physically compatible with responding to the stimuli (when the feature was a tone, pigeons listened or approached the food magazine and so could not peck at the key, Looney & Griffin 1978). 



Haggbloom and Sheppard (1986) suggest that the FNE may also arise in situations where a signal to withhold a response is more valuable than a signal to respond. In the original investigations into the FPE, Jenkins and Sainsbury (1970) found that serial discriminations tend to favour the development of the FPE because subjects discriminate between the unique feature and the features that are common to both stimuli rather than between the positive and negative stimuli. In FP discriminations, subjects respond directly to the feature which is always followed by reinforcement and stop responding to the common features because doing so only leads to reinforcement when the unique feature is also present. In FN discriminations, subjects respond away from the unique feature because responding to it never leads to a reward but they continue to respond to the common features on both stimuli because they are followed by reward at least some of the time (i.e. when the unique feature is absent). Haggbloom and Sheppard (1986) suggest that if a signal to not respond is more valuable than one to respond, the FNE will develop because subjects will quickly stop responding in FN discriminations whenever the feature appears and may or may not respond to the other (positive) stimulus, gradually responding more frequently as it becomes associated with a reward. In FP discriminations, there is no signal to stop responding, only the less valuable signal to respond and so subjects will continue to respond to both stimuli at the same rate for longer. Studies have found that learning in mazes is one case where animals learn to avoid non-reinforcement before learning to approach reinforcement (e.g. Olton 1972). In mazes, the energetic cost of making an error can exceed the benefits of obtaining the reward, so learning to avoid errors may be the most efficient strategy.



All of the feature-discrimination studies with non-social features mentioned so far involved serial discriminations in which the positive and negative stimuli are presented one at a time, unlike in the social learning studies where the positive and negative stimuli (the containers) were presented simultaneously. In simultaneous discriminations the unique feature is present on every trial and subjects must respond on every trial. They must look for the feature and respond to it (FP discrimination) or choose the other stimulus (FN discrimination). The only studies with simultaneous discriminations using non-social features (abstract shapes on monitors) have been with children and they found feature-positive effects (young children, aged 4-5, Sainsbury 1971; 1973) or no effect (older children, aged 8-9, Sainsbury 1973).The results suggest that young children were unable to withhold their responses to the feature long enough to choose the other stimulus. It is possible that with a feature more relevant to the test subject’s natural environment, such as in the case of social learning, withholding a response to the stimulus associated with the unique feature is achieved more readily because the animals are more prepared to form certain associations with the presence of a conspecific. 



In experiments 1 and 2, grey squirrels were tested on a simultaneous discrimination between two artificial caches (two food pots with lids) with either a social feature (a conspecific, experiment 1) or a non-social feature (a cardboard flag, experiment 2). Half the squirrels were tested on a FP discrimination and half on a FN discrimination but, in both cases, food was removed from one of the pots on every trial so that all squirrels were provided with the same information. If squirrels see a conspecific remove food from a hidden location (a ‘cache’) they are provided with unambiguous information that the cache is then empty, because in their natural caching behaviour they are accustomed to storing single pieces of food in each cache. This leads to the prediction that, with a social cue, squirrels should show a FNE when learning a simultaneous discrimination because choosing the opposite ‘cache’ when the conspecific finds food is consistent with their caching behaviour. The non-social stimulus is not expected to predict either the presence or absence of food and the squirrels should have no predisposed bias in their responses to it, although a FPE may develop if the squirrels are unable to withhold a response to the feature.

3.2 
Experiment 1: Feature-discrimination learning with a social feature

Method

Squirrels

Seven of the squirrels (five wild-caught and two captive-raised ones) were used in experiment 1 between January and September 2006. 

Apparatus

Two cylindrical white plastic pots (7 cm diam. x 5cm) were placed on the floor in the right half of the test cage (see figure 2.1 in chapter 2). This was the demonstrator’s cage (the D-cage). The pots were placed towards the back wall so that they were both 120cm from the centre of the door in the dividing mesh wall. Later, to discourage the demonstrator’s side bias, the pots were placed 185cm from the front of the cage and 33cm apart, one 66cm and one 99cm from the central mesh wall. The pots were stuck to the floor with ‘Blu-Tak TM’ to ensure that the squirrels could not tip them over. The reward was a piece of walnut, pecan, or pistachio inside a pistachio shell stuck together with a water-based glue to resemble an intact nut. Providing a variety of nuts ensured that the demonstrator would work throughout a session.  A nut was placed in one or both of the pots (see training and testing for details) and a square piece of brown plastic was placed on top of each pot. The squirrels had to remove these plastic lids to get access to the contents of the pots. A black curtain was hung diagonally from the roof of the D-cage and could be pulled across the cage with a piece of string from outside the room in order to block visual access between the two cages. The curtain had to be hung diagonally to avoid the camera on the central mesh wall.
Procedure

Demonstrator’s training 

Squirrel CD (captive-raised female) was trained as the demonstrator. She was trained on a visual discrimination so that I could control which pot the observer would see being emptied. One pot contained a nut and the other was empty. The location of the nut was determined on each trial from a table of random numbers (odd=right; even=left). A piece of red card was stuck to the pot containing the nut, on the side farthest away from the central mesh wall. At the start of training, to attract the demonstrator squirrel’s attention to this, a large red card was used (5cm x 5 cm). This was gradually reduced in size over the course of training to a final size of 0.75 cm x 1 cm, positioned so that the label touched the floor but not the rim of the pot. Geometric calculations showed that 0.76cm was the maximum width of the label that could be used to ensure that it would not be visible from the O-cage. The floor, pots and label were marked with a pen so that they were set up in the same place on each trial.



The demonstrator squirrel entered the test cage from her home cage through the hole in the wall. The door was closed behind her to prevent the other squirrel in her home cage from entering the room. The demonstrator squirrel climbed down one of the mesh walls to the floor and as soon as she had removed the lid of one of the pots, which she did by pushing it aside with her nose, and picked up the food with her mouth, the curtain was drawn across the cage from outside the room.  The squirrel was then allowed to look in the other pot if she chose to before the door to her home cage was opened again and she left the test cage. When the door was open, I distracted the other squirrel in the home cage with a stick toy and /or nuts to prevent it from entering the test room.     



The demonstrator was given five to ten trials per day; after this she was satiated and would not enter the test room, or did so but then did not look in the pots. Training continued five days a week until the demonstrator reliably went to the labelled pot first (at least 8 out of 10 trials correct over no more than two consecutive sessions) and was not distracted by the movement of the curtain. 

Observers’ pre-training 

The remaining six squirrels were trained as observers (BB, DR, LF, SM, SH and BY). The tunnel door into the test room and one home cage tunnel door were opened to allow one squirrel to enter the left half of the test cage (the Observers’ cage, O-cage). The doors were then closed so that the squirrel could not return to its home cage. The observer squirrel that lived in the separate room with the demonstrator (squirrel BY) entered the test room through the hole in the wall into the D-cage. The door in the central mesh wall was then opened to allow him to enter the O-cage. A nut was provided on the floor of the O-cage to encourage the squirrels to enter and to distract them so that I had time to close the doors. Training began when the squirrel had eaten the nut. The squirrel waited in the tunnel whilst I set up the two pots in the D-cage, both containing a nut, except squirrel BY who waited in the O-cage rather than entering the tunnel. To prevent him from seeing the setting up process the curtain was always pulled across the cage during that time.  



The door in the central mesh wall was then opened and the observer squirrel returned to the O-cage and entered the D-cage to gain access to the pots and the nuts. After 30 trials, the training trials were extended to allow the squirrels to get used to the movement of the curtain. When the squirrel had entered the O-cage and the tunnel door had been closed, the curtain was pulled across the cage from outside the room after approximately one and a half minutes. The tunnel door was then opened and the squirrel left the room (except BY, who waited in the O-cage). The curtain was then drawn back, the door in the central wall opened. The observer then entered the D-cage to look in the pots. Each observer squirrel received five trials a day and training continued until they did not react to the movement of the curtain and they entered the D-cage and ate the nuts within 5 minutes of re-entering the test room.

Observers’ trials
The labelled pot contained a nut. The position of the rewarded pot was assigned on each trial from a table of random numbers. The label was positioned as during training so that it was not visible from the O-cage but could be seen by the demonstrator. The other pot contained an empty pistachio shell, glued together to resemble an intact nut. The purpose of the fake nut was to ensure that even if the demonstrator chose incorrectly, the observer would see a nut being removed from one of the pots.


An observer squirrel was encouraged to enter the O-cage as described in training and the tunnel door was then closed. After at least 1 minute, the demonstrator entered the D-cage from her home cage. As soon as she had removed the lid from one pot and picked up the nut, the curtain was pulled across the cage from outside the room. Squirrels pick food up with their mouths before handling it in their front paws which allowed time for the curtain to be closed before the demonstrator could look in the second pot. The demonstrator returned to her home cage and the tunnel door was opened so that the observer could wait in the tunnel (except BY who usually waited in the O-cage). I then entered the D-cage, removed the red label and set the pots up according to the treatment group of the observer. For half the observers (BY, LF, BB), a nut was placed in the same pot that the demonstrator was seen to take a nut from (FP discrimination); for the others (SM, DR, SH), the nut was placed in the other pot (FN discrimination). The second pot was always empty. The pots were set up according to the demonstrator’s actual choice, even if she had chosen incorrectly. The curtain was then pulled back, the door in the central mesh wall was opened and I left the room. The observer returned to the O-cage (except BY who was usually already in the O-cage) and entered the D-cage. The first pot the observer touched with its nose, mouth or front paws was recorded as a correct choice if it contained the nut and incorrect if it was the empty pot. The pot touched first rather than the one opened first was recorded to reduce the likelihood that any improvement in performance was simply due to squirrels approaching and sniffing the pots or tilting the lids to check the whereabouts of the nut before choosing one to finally open. Squirrels had five trials a day and were tested four or five days a week for a total of 100 trials. Only two squirrels could be tested each day because the demonstrator squirrel would not do more than 10 trials in a day.

Analysis

The percentage of correct trials per twenty-five trial block (square root arcsine transformed) were analysed with a repeated-measure ANOVA, with trial block as a repeated measure and group (FN/FP) as a between-subjects factor.

Results

Demonstrator’s training 

The demonstrator had a total of 220 training trials over 28 days. From the 82nd trial the pots were in the position used during testing and the label was at its final size and position. From this point, the demonstrator reached the criterion after 90 trials but was trained over 48 extra trials to habituate her to the movement of the curtain. 
Observers’ pre-training 

The observers each had between 50 and 68 training trials. The number differed because some squirrels habituated to the curtain more quickly than others. The percentage of trials in which the left pot was opened first was calculated for each squirrel during the last 50 trials and the observers were assigned to groups so that the side biases were evenly distributed between the conditions (FP-group: BL 36%, LF 80%, BB 56%, FN-group: SM 16%, DR 70%; SH 50%).
Demonstrator during observers’ trials
 The demonstrator chose the correct pot a mean (± S.E) of 4.37 ± 0.91 times per 5-trial session. The number of correct trials increased over the course of the experiment (figure 3.2.1) so that the last observer squirrels tested (BB and SH) saw slightly more ‘correctly’ performed demonstrations than those tested at the start of the study (BY and SM).This should not have made any difference to the observers because the demonstrator always removed a nut (real or fake) from the chosen pot; they did not show any obvious differences in their behaviour following correct and incorrect demonstrations.

Observers’ trials
There was a significant effect of group (F 1,4 = 123.58, p < 0.0001) with squirrels in the FN-group choosing correctly more often than squirrels in the FP-group (FN-group mean ± S.E. = 61.33 ± 1.02; FP-group mean ± S.E. = 48 ± 0.58). There was a significant effect of trial block (F 3, 12 = 5.92, p = 0.01) with a significant linear contrast ( F 1,4 = 56.63, p = 0.002) showing that squirrels improved over trials. There was also a significant group by trial block interaction (F 3, 12 = 4.205, p = 0.03), showing that the FN-group made a greater improvement over trials than the FP-group (figure 3.2.2).
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Figure 3.2.1 The percentage of trials performed correctly by the demonstrator during each block of trials for each pair of observers.
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Figure 3.2.2 The percentage of trials in which observers chose the nut-containing pot first during each block of trials when the feature was a conspecific. Open symbols indicate squirrels in the FP-group and filled symbols squirrels in the FN-group.

Discussion

The results indicate that squirrels learned to choose the opposite pot to the conspecific demonstrator more readily than they learned to choose the same pot. This supports the findings of previous social learning studies (Darby & Riopelle 1959; Templeton 1998) and suggests that, even when the demonstrator provides all observers with the same information about the availability of food a FNE develops. It is likely that the observer squirrels expected the pot visited by the demonstrator to be empty and so readily learned to choose the opposite pot. The nature of their caching behaviour should predispose squirrels to learn this because, as they store individual items of food in each cache, if they observe food being removed from one pot, they should expect it be empty. The results also support the anecdotal evidence that scatter-hoarding mammals are capable of learning about the whereabouts of hidden food by observing conspecifics (kangaroo rats, Daly et al. 1992; squirrels, Steele et al. 2008).


If squirrels ‘expected’ the demonstrator’s chosen pot to be empty, squirrels that were reinforced for choosing the same pot as the demonstrator should have performed very poorly, at least over the first trials whilst squirrels in the ‘opposite’ group should have chosen correctly immediately. In fact, all squirrels performed at approximately chance level during the first block of trials. This indicates that, rather than relying totally on innate or pre-learned responses, some learning of the task was involved. For squirrels in the ‘same’ group, there was a conflict between what they expected and what they had experienced during the task and so they continued to choose randomly throughout the experiment. It is possible that with further training, squirrels in the same group would have overcome the tendency to visit the opposite pot. For squirrels in the ‘opposite’ group, their experience of the task coincided with their expectations and so their performance improved over trials.



The set-up used in this study meant that it was not possible to eliminate odours that may have been left by the demonstrator during test sessions or from the nut in the pot but it is unlikely that the observers were able to use odour cues to solve the discrimination. Firstly, the demonstrator was free to move about anywhere in the demonstration cage and to touch or open both pots (the second always behind the curtain, out of view of the observer). This made it impossible for the observers to use odour from the demonstrator as a reliable cue as to which pot to choose.  Secondly, the observers’ behaviour did not suggest that they were relying on odour cues; they showed no signs of following scent trails e.g. by sniffing along the ground and they were never seen to sniff in the direction of both pots before choosing one. On some occasions, squirrels sniffed at a pot with their nose touching the lid but then opened the other, nut-containing pot but, as trials were scored according to which pot they touched first rather than which they opened first, these trials were scored as incorrect.

   
Another possible explanation for the FNE is the suggestion that in some circumstances, such as in mazes, when the cost of an error exceeds the benefits of choosing correctly, a signal to not respond is more valuable than one to respond, leading to a FNE (Haggbloom & Sheppard 1986). This seems unlikely in this experiment because, although the apparatus was maze-like in that squirrels had to move from the observation cage to the pots in the demonstrator’s cage, once they had arrived there, the cost of choosing incorrectly was negligible. Squirrels could go on to open the nut-containing pot very quickly, even if they initially chose incorrectly. It is also unlikely that the FNE developed because the demonstrator was aversive as none of the squirrels showed any tendency to avoid the pot she had visited at the beginning of the test.



The results indicate that squirrels, like seed-hoarding corvids are capable of learning by observing conspecifics and they provide a further example of a case in which  animals utilise the information provided by a demonstrator rather than simply copying them (Giraldeau et al. 2002). The results also suggest that information generated by conspecifics that is consistent with the previous experience and/or natural ecology of an individual continues to have control over their behaviour, even when it leads to making incorrect choices, at least in the case of social learning tasks.

3.3 
Experiment 2: Feature-discrimination learning with a non-social feature.

Method

Squirrels

Six captive-raised squirrels (RK, NV, IT, SC, MO, DE) were used in experiment 2, between December 2007 and January 2008.
Procedure

Pre-training 

Pre-training was the same as that given to the observer squirrels in the social condition. The captive-raised squirrels were much bolder than the wild-caught ones and so were each given just 50 pre-training trials.

Trials
The procedure was the same as that used in experiment 1 but instead of a conspecific demonstrator, the location of the nut was indicated by a square of brightly coloured red and black checked card (30cm x 30cm) standing behind one of the pots during the observation phase.  For three of the squirrels the card was behind the empty pot (MO, SC, RK; FN discrimination) and for the others the card was behind the nut-containing pot (DE, IT, NV; FP discrimination). A nut, attached to a piece of transparent thread, was placed in one pot; a lump of Blu-Tak ™, also attached to a piece of thread, was placed in the other pot. The threads were stretched across the floor so that the ends stuck out under the cage door. The threads were not visible to the human eye. The position of the rewarded pot was randomly assigned for each trial from a table of random numbers with the constraint that the nut was on the left on at least five of every ten trials. An observer squirrel entered the O-cage and could see the pots and the card. The experimenter stood outside the cages, opposite the door of the demonstration cage, holding the ends of the threads and looked at a stop watch on the floor. After one and a half minutes (the approximate time it took the demonstrator to open a pot in the social condition), the experimenter pulled on the piece of thread attached to the nut from outside the cage, so that the lid was knocked off the pot and the nut was visible on the floor outside the pot. The other thread was not moved. The curtain was pulled across the dividing wall, the transparent threads with the nut and Blu-Tak ™ were removed from the pots, a nut was placed in one pot and the trial continued as described in the social condition.

Results

Pre-training 

The percentage of trials (out of 50) in which the left pot was opened first was calculated and squirrels were assigned to groups so that the side biases were as evenly distributed as possible (FP-group: IT (46%), DE (50%), NV (44%); FN-group: MO (40%), SC (60%), RK (50%)).

Trials
There was no significant difference between the FN and FP groups (mean FN ± S.E. = 53.33 ± 5.24; mean FP ± S.E. = 59 ± 3.79; F 1,4 = 1.13, p = 0.348), but there was a significant effect of trial block ( F 3, 12 = 7.31, p = 0.005) , with a significant linear contrast ( F 1,4 = 41.52, p = 0.003), showing that squirrels improved over the course of the study (figure 3.3.1). There was no significant trial block by group interaction (F 3, 12 = 0.23, p = 0.87).
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Figure 3.3.1 The percentage of trials in which observers chose the nut-containing pot first during each block of trials when the feature was non-social. Open symbols show squirrels in the FP group and filled symbols show squirrels in the FN groups.

Discussion
Squirrels in the FP and FN groups chose the correct pot increasingly frequently over the course of the experiment to an equal extent so that neither a FPE nor a FNE developed.

The only previous studies on feature-discrimination learning using simultaneously presented stimuli involved children responding to abstract shapes on monitors (Sainsbury 1971; 1973) and they found a FPE in young children, possibly because they were unable to withhold their responses to the feature in the FN-discrimination condition. In the current study, squirrels were prevented from responding immediately because there was a delay between the observation phase and the choice stage and this may have helped them to make more considered choices so that squirrels in the FN group performed as well as squirrels in the FP group. 



The results show that the action of the nut being removed from a pot was not sufficient to produce the FNE. This suggests that squirrels only understand a ‘cache’ to be empty if they see a conspecific remove the food. They had no previous experience of the card or any innate bias to learn to associate the card with an empty or a nut-containing pot.

3.4 
General Discussion

The results show that squirrels performed differently when social and non-social cues were presented in a simultaneous discrimination task. A FNE was obtained in the social condition whilst no such effect developed in the non-social condition. The difference could be due to a differing ability or tendency of the squirrels to use information generated by conspecifics and non-social stimuli; they understood that the conspecific demonstrator had emptied one of the pots, but did not understand that one of the pots had been emptied in the non-social condition. It is possible that the information generated during the observation phase was more ambiguous in the non-social condition because the nut remained visible on the floor of the D-cage once it had been pulled out of the pot in the non-social condition but was eaten or carried away in the social condition. However, if squirrels had been uncertain as to how to interpret the nut moving out of the pot, it might be expected that they would continue to choose randomly over the experiment, as was found in previous social learning studies where the demonstrator provided ambiguous information about the availability of the food (Templeton 1998; Darby & Riopelle 1959). 
The most likely explanation is that, in the current study, the squirrels did not ‘interpret’ the nut moving out of the pot in the non-social condition but relied on the card as a cue and so were able to learn both the FP and FN discriminations. The ability of the observer squirrels to interpret the information generated during the demonstration could be further investigated by manipulating the type of information provided e.g. have the demonstrator store a nut rather than remove it, which, if the actions of the conspecific are important, should lead to the development of a FPE. 

The results of experiment 2 suggest that no understanding of the demonstrator’s behaviour was necessary for learning to occur in experiment 1, and it may be that squirrels were simply more prepared to form a particular association with the conspecific, perhaps due its biological significance, than with the cardboard flag. The differing familiarity of the stimuli rather than specifically the use of social versus non-social stimuli may also be important. The squirrels had greater experience of the relationship between conspecifics and food or caches than between card and food. It is unlikely that any non-social stimulus would be able to predict the relationship as reliably as the conspecific and it may be this aspect of the social stimulus that is important in generating the FNE. It is worth pointing out that although the squirrels had both a conspecific and card present in their cages or a neighbouring cage, five of the six squirrels used in the social condition were no more familiar with the demonstrator squirrel than the squirrels used in the non-social test were with the specific piece of red and black card. Further investigations would need to control squirrels’ experience of the relationship between conspecifics and food before the test or provide subjects with prior experience of different cards associated with the presence or absence of food to determine whether familiarity of the relationship between the stimulus and outcome alone can lead to a FNE. 
CHAPTER 4: MAKING INFERENCES FROM VISUAL CUES
4.1
Introduction

The results of experiment 1 suggest that grey squirrels are able to use information they obtain by observing a conspecific to decide where to search for food. However, they may have solved the task by learning to respond to a simple social cue (presence or absence of the conspecific at a pot) without any need to interpret the conspecific’s behaviour. The aim of this study was to investigate whether squirrels can make inferences from visual information by testing whether they can use the visual information provided to obtain a nut in the most efficient possible way. 

 Some studies suggest that some primates have a sophisticated ability to refer to their own knowledge. For example, in computerized memory tests rhesus monkeys were more likely to reject trials if they had no prior knowledge of the answer than if they had previously been shown how to respond (Hampton 2001), and in simpler food searching tasks monkeys (Hampton et al. 2004), chimpanzees, gorillas and orangutans were more likely to search the apparatus before making a selection if they had not seen the baiting procedure (Call & Carpenter 2001).

 
Paukner, Anderson and Fujita (2006) devised a version of the food searching task which requires no involvement of the human experimenter during trials, making it suitable for use with wild animals or animals that are not necessarily expected to be able to engage with human behaviour. They presented capuchin monkeys with a set of plastic tubes, one of which contained a piece of food. The tubes were opaque or transparent and were presented in different combinations of three. If the food was in one of the transparent tubes, the monkeys could see it and should not have any need to search before reaching for the correct tube; if the food was in an opaque tube and the other two tubes were transparent the monkey could infer where the food was and so again, did not need to search. If the food was in an opaque tube and at least one of the other tubes was opaque, searching was required before the correct tube could be selected with certainty. Unlike the rhesus monkeys and apes, capuchin monkeys showed no evidence of using the visual information to work out where the nut was and when they needed to search.
One limitation in this approach is that observable cues are present at the time the animals decide what to do and therefore the task may be solved by learning a conditional rule such as ‘if food is visible, choose that tube, if no food is visible, start searching’. This problem can be minimized by ensuring that no differential reinforcement occurs for searching and choosing during the training procedure (Hampton et al. 2004) and by increasing the handling time to discourage incorrect choices and making it worthwhile for the animal to consult its own knowledge (Call & Carpenter 2001). Limiting the number of test trials will also help to ensure that spontaneous rather than learned responses are measured (Paukner et al. 2006) and analyzing searches in detail can provide further information. For example, subjects should stop searching as soon as the food is found (Call & Carpenter 2001) and should not search transparent tubes (Paukner et al. 2006). 

In this study squirrels were presented with plastic cups with removeable lids, one of which contained a nut. Some cups were opaque and some were transparent and they were presented in combinations of three with at least one of each type present in each trial. The aim of the study was to test whether the squirrels would utilise the visual information and obtain the nut by opening as few cups as necessary.  The ability to make such inferences in the wild should be advantageous because squirrels can use visual cues to locate food but need to search efficiently amongst sites where food may be hidden such as possible caches or unfamiliar foraging sites. Previous studies with caching tasks have found that birds are able to use visual information to relocate hidden food (Shettleworth & Krebs 1986; Clayton & Krebs 1994). In these studies, the birds went ‘window-shopping’ for seeds; they looked into artificial caches and could see whether the cache contained a seed or not. After an interval the birds returned and could recover the seeds accurately even though all the caches were covered with opaque lids. They recovered the window-shopped seeds at above chance levels, suggesting that they could recall where they had previously seen the seeds and referred to that information to choose where to look. In the current study squirrels should use the sight of a nut in a transparent cup as a signal to open that cup but should also use the sight of an empty transparent cup to avoid the cup and search elsewhere.
4.2
Experiment 3: Can squirrels infer the whereabouts of hidden food?

Method

Subjects

Eight of the tame captive squirrels were used in the study. Squirrels BY and CD were tested in June-July 2007. Squirrels IT, SC, RK, NV, MO and DE were tested from September – November 2007. 
Apparatus

The apparatus consisted of a piece of chipboard (40 x 30 cm) and six plastic cups. The cups were transparent or painted entirely with black gloss paint, making them opaque. Three sets of cups were prepared so that any cups that were damaged during the experiment could be replaced. Short strips of sticky-backed Velcro TM were attached along the middle of the board and the bottom of each cup and were used to attach the cups to the board 10cm apart. Black metal jam jar lids were used as lids on the cups. The lids were placed upside down inside the top of the cups so that the squirrels could grasp the rim with their paws or mouth and remove them. The undersides of the lids were white and were therefore still clearly visible when on the black cups. The bases of the insides of the cups were raised by placing a platform (a cut-off piece of the bottom of a transparent cup) inside each cup (see figure 4.2). This ensured that the nut was visible in the transparent cups i.e. not obscured against the black velcro at the base of the cup. The chipboard was stuck to the floor of the test cage with Blu-Tak TM so that the squirrels could not move it. The edge of the chipboard was placed against the back wall of right hand side of the test cage. This location was chosen to allow squirrels a good view of the apparatus from anywhere in the cage and to allow them to approach and manipulate it from any of the four sides. Walnut pieces (approximately 1/8 nut) were placed inside the cups as described below.
                                                                                                                                                                                     
Figure 4.2.1 An example of one of the test trials with two transparent and one black cup with the nut in one of the transparent cups.

Procedure

In all training and testing the procedure was as follows. An individual squirrel was shut into the left hand side of the test room cage from their home room. The chip board and cup(s) was then stuck on the floor in the right-hand side of the cage. The door in the central mesh wall was then opened to allow the squirrel access to the right-hand cage and the apparatus. When the squirrel had opened the cups and removed and eaten the nut, it returned to the left hand cage and was shut in there. The cups were then set up for the next trial which involved taking the board out of the cage where it could not be seen by the squirrel, wiping any nut remnants off them, changing the order of the cups and placing a nut in each (pre-training) or one of them (training and testing). The board was then returned to the test cage. The order in which the squirrel opened the cups was recorded by the experimenter, who stood outside the test cage, opposite the apparatus.

Pre-training

To familiarize the squirrels with the apparatus, individual squirrels were given pretraining trials. For the first trial only, a transparent cup containing a piece of nut and with no lid was attached to the centre of the board and placed in the test cage. Individual squirrels entered the test cage and explored the apparatus until they removed the nut. Each squirrel was given up to three trials or 1 ½ hours of testing in one day. (If necessary, pre-training with the transparent cup was repeated every day until the squirrel had opened 3 cups; this happened with 1 squirrel that took 4 days). On the following day the procedure was repeated with a black cup. Pre-training trials continued over successive days until squirrels had opened at least three transparent and three black cups. From this point, cups were always set up with lids on for the remainder of the study.

Training

During training, three cups of the same type were presented but with a piece of nut in one cup only. Each squirrel was given eight trials each day (four with transparent and four with black cups) so that the nut-containing cup was in each position at least twice in a random order. Training was repeated for 6 days. 
Testing
During test trials, three cups with at least one of each type (black and transparent) were presented with a nut in one cup only. Each squirrel received 80 trials in total but the exact number of each type of trial varied between squirrels. Trials were assigned so that each type of trial was presented at least once per session, no more than two consecutive trials were of the same type and so that the nut was in a black cup approximately twice as frequently as in a transparent cup over the course of the experiment. In 37 to 40 trials there were two black cups and one transparent cup and the nut was in one of the black cups, in 13 to15 trials there were two black cups but the nut was in the transparent cup, in 26 to 28 trials there were two transparent cups, in 11 to 14 of these the nut was in the transparent cup and in the rest, the nut was in the black cup. The position of the nut-containing cup was pseudo-randomized between trials with the restrictions that it did not occur in the same position for more than two consecutive trials and that it occurred at least once in all three positions in each session.  Squirrels received eight trials a day for 10 days. Three squirrels (DE, IT, MO) were then given an extra 40 trials to test whether extra trials would improve performance.
Data collection and analysis

Trials were scored as correct if the squirrel opened either the nut-containing cup or if they chose a logical cup to open first i.e. if the nut was in one of two black cups, opening either black cup was a correct choice. Binomial tests (two-tailed) were used to compare the number of correct/logical trials to chance for each squirrel. Chi-square tests were used to compare the number of correct trials when the nut was the cup in position 1, 2 or 3. For squirrels that performed significantly differently to chance, trials in which the nut was in one of two black cups or one of two transparent cups were also analyzed with binomial tests. 
Results
Training

In training trials with black cups, all of the squirrels chose the correct cup as expected by chance (all p > 0.13) and in training trials with transparent cups, all squirrels chose correctly significantly above chance (all p < 0.003) (figure 4.2.2).

Search order

The number of correct trials when the nut was in the cup in each of the three locations were analyzed with Chi-square tests for each squirrel (table 4.2.1). The results show that six of the squirrels had no position bias but suggest that squirrel DE tended to avoid cup 1 and preferentially open cup 3 whilst squirrel IT preferred cup 1.
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Figure 4.2.2 The number of correct trials (out of 24) during training with the black and transparent cups.
Number of correct trials  

Squirrels DE and IT were excluded from further analyses due to their preference for opening the cup in one particular location first. None of the squirrels chose the correct cup significantly more often than chance over all trials (table 4.2.2). However, when the nut was in a black cup, three squirrels (CD, RK and SC) chose correctly significantly more often than expected by chance and these same squirrels chose incorrectly significantly more often than expected by chance when the nut was in a transparent cup.  The probability of obtaining these results was found using the chi-square transformation described by Jones and Fiske (1953). For the black cups χ 12 = 37.85, p = 0.0002 and for the transparent cups χ 12 = 30.31, p = 0.0025, indicating that the results shown in the fifth and seventh columns of table 4.4.2 were not obtained by chance and three of the six squirrels did indeed choose correctly when the nut was a black cup but incorrectly when it was in a transparent cup.
The trials where the nut was in one of two black cups were analyzed further for these three squirrels. Squirrel CD chose the correct black cup first significantly more often than expected by chance (chance = 0.33; CD, 16/40, p = 0.002). Squirrels SC and RK chose the correct black cup first as frequently as expected by chance (chance = 0.33; SC, 15/37, p = 0.286; RK, 15/38, p = 0.256). If the empty black cup was chosen first, all three squirrels were no more likely to choose the correct black cup second than they were to choose the transparent cup (chance of opening black cup  = 0.5; CD, 10/14, p = 0.18; SC, 9/13, p = 0.267; RK, 9/15; p = 0.607).

It is possible that these three squirrels were simply more likely to open black cups than transparent ones so trials in which the nut was in one of two transparent cups and the squirrel chose incorrectly were also analyzed. The squirrels were no more likely to open the black cup than they were to open the wrong transparent one (chance of opening black cup = 0.5; CD, 8/11, p = 0.227; SC, 8/12, p = 0.388; RK, 7/12, p = 0.774).

Table 4.2.1 Chi-square tests on the number of correct trials when the nut was in the first, second or third cup.

	
	Proportion of trials correct
	
	

	Squirrel
	Cup 1
	Cup 2
	Cup 3
	Chi-square (2 df)
	p

	BY
	10/25
	13/32
	14/23
	1.5
	0.50

	CD
	14/26
	15/28
	13/26
	0.05
	0.98

	DE
	4/38
	28/41
	37/41
	23.05
	>0.0001

	IT
	33/39
	17/39
	12/42
	13.02
	0.001

	MO
	17/39
	30/39
	17/42
	3.61
	0.17

	RK
	14/24
	13/27
	15/29
	0.25
	0.91

	SC
	14/24
	12/26
	15/30
	0.38
	0.80

	NV
	15/24
	10/26
	15/30
	1.44
	0.49


Table 4.2.2 The results of the binomial tests on the number of correct trials in total, when the nut was in a black cup and when the nut was in a transparent cup.

	Squirrel
	Total correct
	p
	Black correct
	P
	Transparent correct
	p

	BY
	37/80
	0.576
	32/55
	0.96
	5/25
	0.204

	CD
	43/80
	0.576
	40/53
	0.017
	3/27
	0.023

	MO
	64/120
	0.523
	48/80
	0.821
	16/40
	0.403

	NV
	40/80
	0.911
	34/52
	0.326
	6/28
	0.230

	RK
	48/80
	0.057
	41/52
	0.003
	4/28
	0.043

	SC
	41/80
	0.737
	38/52
	0.024
	3/28
	0.014


Discussion

The squirrels did not appear to infer which cups to open from the visual information that was available as none of them performed above chance. They did not form any conditional rules such as only searching if the nut was not visible but choosing the appropriate transparent cup when it was visible as might be expected. However, the more detailed analysis suggests that the design of the apparatus, rather than the squirrels’ ability may have been the cause of this. In the training trials, all squirrels chose the correct cup when the nut was in a transparent cup and chose randomly when the black cup set was used. This suggests that they could see the nut in the transparent cups and use it as a signal to open the correct cup. 

During testing, three squirrels chose a black cup when the nut was in a black cup but tended to avoid transparent cups when they contained the nut. This suggests that even when they could see the nut, they opted to search another cup before opening the correct one. It is possible that squirrels checked other cups ‘just in case’ they also contained a nut but as they were equally likely to open a transparent cup, which they could see was empty as to open a black one, this seems unlikely. Another explanation is that squirrels learned that searching was rewarded or that searching in itself was rewarding and so they opted to search before opening the correct cup whenever possible by selecting a black cup first. 

The lack of consequences to choosing the wrong cup may also have encouraged excessive searching and discouraged squirrels from developing an efficient strategy. Two squirrels developed a position bias, opting to open a cup at one end first and then work their way along the row until they found the nut. The analysis of the searches in trials where squirrels chose the wrong black cup when there were two black cups also suggests that when they had opened one cup they simply moved onto the immediately adjacent one rather than necessarily to the other (correct) black cup. 

Although squirrels did not show any behavioural signs of using odour cues e.g. by sniffing at but not opening cups, one squirrel, CD, did select the correct black cup as her first choice significantly more often than expected by chance. She may have been able to detect the food’s odour from some distance away but, she did not use this strategy on every trial as her performance overall was no better than chance.

The results suggest that squirrels did not use the visual information available to them to decide which cup to open but developed other strategies instead such as opening cups in a particular order or always checking a black cup first. Although this does not rule out the possibility that squirrels can use visual information to make inferences about the location of food, it suggests that in tasks such as the one in this study they use other, simpler strategies. Future experiments in which squirrels are prevented from opening more than one cup per trial or in which the cups are more difficult to open might show that squirrels can make more considered choices if the costs of incorrect choices are higher.

CHAPTER 5: SOCIAL AND NON-SOCIAL INFLUENCES ON CACHING BY WILD GREY SQUIRRELS

5.1
General introduction

In experiments 4 and 5, I examine the effects of conspecific presence on the caching behaviour of grey squirrels in their natural environment. If squirrels use cognitive strategies for protecting their caches from potential pilferers, they should respond to conspecifics flexibly according to local conditions, and change their behaviour in ways that are consistent with maximising the amount of food they store that remains available to them for later use. 

In experiment 4, I test how squirrels respond to conspecifics that are exploiting the same resource as themselves when different amounts of food are available. This effectively presents squirrels with a choice between caching close to the source to maximise the amount they store but risking loss of caches to other foragers and transporting the food farther away to minimise cache loss but forfeiting opportunities to collect more food. In experiment 5, I investigate whether squirrels use methods other than transporting food over greater distances to protect their caches. I test whether the time squirrels spend making caches is affected by the presence of a conspecific audience and whether this varies according to the type of food they are storing. If squirrels respond to conspecifics as potential pilferers, the effort they make to protect their caches should vary with the value of the cache. 
5.2
Experiment 4: Effect of competition and food availability on travel time in scatter-hoarding grey squirrels 

This is a pre-copy-editing, author produced version of an article accepted for publication in Behavioral Ecology following peer review. The definitive publisher-authenticated version (Hopewell, LJ, Leaver, LA & Lea SEG. (2008). Effect of competition and food availability on travel time in scatter-hoarding gray squirrels. Behavioral Ecology 19, 1143- 1149) is available online (http://beheco.oxfordjournals.org/cgi/content/full/arn095?ijkey=isYsxiYwjQlu2E&keytype=ref) (doi: 10.1093/beheco/arn095).
Abstract
Scatter-hoarding animals transport food away from its source before storing it to maximize the likelihood that the cache will survive for use at a later time. However, the more time animals spend transporting and storing the food the less time they have for food collection. Previous studies suggest that the time animals spend on caching depends to some extent on the availability of food and on the presence of conspecifics at the food source. We tested whether a scatter – hoarding mammal responds flexibly to conspecifics as competitors according to the availability of food or if they respond more directly to them as potential pilferers. We used multiple linear regression to model the time eastern grey squirrels (Sciurus carolinensis) took to return to nut patches of varying quality after collecting a nut for caching when they were alone and when conspecifics were present. The results provide the first evidence that scatter-hoarders respond to conspecifics at a food source primarily as competitors rather than as potential pilferers; the squirrels increased the rate at which they returned to the nut patch when conspecifics were present rather than transport the nuts farther away to minimize the risk of pilferage. In contrast, and in line with previous studies, the squirrels responded to a reduction in the availability of food by increasing the distance at which they stored the food from the source. 

Introduction
When an ephemeral source of food becomes available, scatter-hoarders maximize the rate at which they store food that survives density – dependent theft by conspecifics (Waite & Reeve 1992a, 1992b). They can do this by caching a volume of food that is large enough to offset loss to pilferers (Dally, Clayton et al. 2006; Male & Smulders 2007a) or by reducing the likelihood that their caches will be pilfered, for example, by transporting the food away from the source and spacing caches out (fox squirrels, Sciurus niger, Stapanian & Smith 1984; magpies, Pica pica, Clarkson et al. 1986; Merriam’s kangaroo rats, Dipodomys merriami, Daly et al. 1992; yellow pine chipmunks, Tamias amoenus, Vander Wall 1995), choosing sites far away from conspecifics (scrub-jays, Aphelocoma californica, Emery et al. 2004) or by delaying caching until there are no conspecifics in the vicinity (willow tits,  Parus montanus, Lahti & Rytkönen 1996; ravens, Corvus corax, Bugnyar & Kotrschal 2002). These strategies involve costs: caching at greater distances or after a delay reduces the time available for collecting food, particularly if other foragers are present; dispersing caches more widely increases travel costs; and rapidly hoarding a large volume of food may be energetically costly and involves making caches close to the source where they are most vulnerable to pilferers (grey jays, Perisoreus canadensis, Waite & Reeves 1992a; eastern chipmunks, Tamias striatus, Clarke & Kramer 1994). Previous studies suggest that whether animals maximize the amount of food they sequester or minimize the likelihood that their caches will be pilfered depends on the presence of conspecifics (see review by Dally, Clayton et al. 2006), the age or social status of the individual (e.g. eastern chipmunks, Clarke & Kramer 1994; willow tits, Lahti et al. 1998; scrub-jays, Dally et al. 2005b) and on the availability of food (fox squirrels, Stapanian & Smith 1978; magpies, Clarkson et al. 1986; grey jays Waite & Reeve 1992a).

Studies on how the presence of conspecifics affects the rate at which individuals hoard food have found differing results, suggesting that the exact context in which individuals are caching is important in determining how they should respond. In some studies hoarders were found to reduce the amount of food they stored when conspecifics were present (willow tits, Lahti & Rytkönen 1996; black-capped chickadees, Poecile atricapillus, Stone & Baker 1989; coal tits, Parus ater, Brotons 2000; scrub-jays, Aphelocoma californica, Dally, Emery & Clayton 2005b) or to travel farther away from the food source before caching (willow tits, Lahti et al. 1998; eastern grey squirrels, Sciurus carolinensis, Spritzer & Brazeau 2003; eastern grey squirrels, Leaver et al. 2007). When conspecifics are present, caches made near the source are more vulnerable to pilferers because naïve foragers are actively searching for food in the area or, in some species, because conspecifics can observe where caches are being made and use the information to steal the food (anecdotally in kangaroo rats, Daly et al. 1992; nutcrackers, Nucifraga columbiana and Mexican jays, Aphelocoma ultramarine, Bednekoff & Balda 1996; ravens, Bugnyar & Kotrschal 2002). In these circumstances, protecting caches from pilferers may be more important than collecting more food. Hoarders may also sequester less food if aggressive individuals prevent them from accessing the source. This is particularly true at rich food patches because they attract more individuals than poorer ones (eastern grey squirrels, Lewis 1980; sparrows, Passer domesticus, Johnson, Giraldeau & Grant 2006) and because dominant individuals are most likely to monopolize the best quality resources (willow tits Hogstad 1988; Lahti et al. 1998). 

In other studies, with captive scatter-hoarders, the rate of hoarding was found to increase when conspecifics were present (mice, Peromyscus leucopus, Sanchez & Reichman 1987; ravens, Heinrich & Pepper 1998; scrub-jays, Emery et al. 2004). In these studies food was either very limited, creating competition (Heinrich & Pepper 1998) or the conspecific did not have immediate access to the food or any caches being made because they were placed in a neighbouring cage (Sanchez & Reichman 1987; Emery et al. 2004).These latter studies suggest that in the presence of conspecifics but without the risk of immediate pilferage and only potential competition for food, hoarders responded by collecting more food rather than increasing their effort to protect their caches. It should be beneficial for an individual to sequester a large portion of the food whilst it has sole access to the source because, for animals that use spatial memory to recover their caches (including eastern grey squirrels, Jacobs & Liman 1991; MacDonald 1997; and chipmunks and many corvids, Vander Wall & Jenkins 2003), the individual that stores the food has an advantage over naïve foragers in recovering it (Vander Wall & Jenkins 2003; Vander Wall et al 2006). 

The rate of hoarding when conspecifics are present can also be affected by the extent to which cache protection measures other than transporting food away from the source can be used. For example, larder-hoarding rather than scatter-hoarding (Merriam’s kangaroo rats, Preston & Jacobs 2001), chasing potential pilferers away from caches (eastern chipmunks, Clarke & Kramer 1994; scrub-jays, Dally et al. 2005b), moving vulnerable caches to more secure sites at a later time (heteromyid rodents, Jenkins & Peters 1992; grey jays, Waite & Reeve 1992a; willow tits, Brodin 1994; scrub-jays, Emery & Clayton 2001) or using evasive tactics (scrub-jays, Emery et al. 2004; eastern grey squirrels, Leaver et al. 2007; Steele et al. 2008) may allow individuals to store more food without significant losses to pilferers.

The presence of conspecifics can also lead to a change in caching behaviour independently of any social factors because when they are present and foraging at the same source of food, there is less food available to cache. Models of optimal scatter-hoarding predict that hoarders will begin caching quickly, close to the source, but take increasingly longer to return to the food source as it is depleted (Stapanian & Smith 1978; Clarkson et al. 1986; Waite & Reeve 1992a). However, if food is limited from the outset, it cannot be collected and stored quickly and stolen items cannot easily be replaced so storing it securely becomes more important (Longland & Clements 1995; Heinrich & Pepper 1998; Tamura, Hashimoto & Hayashi 1999).

We investigated how the way in which scatter-hoarders divide their time between making their caches secure and sequestering more food is affected by the presence of conspecifics. The studies discussed previously (Sanchez & Reichman 1987; Emery et al. 2004; Clarkson et al. 1986; Waite & Reeve 1992a) suggest that the effect of conspecifics on caching individuals differs according to whether they are in the vicinity of the food source or elsewhere because they differentially affect the availability of food, competition for food and the vulnerability of caches to theft. This study focuses only on the effect of conspecifics that are present at a central food source. In a study with eastern chipmunks, individuals were found to be more sensitive to conspecifics as potential pilferers than as competitors at the food source (Clarke & Kramer 1994). Chipmunks generally larder-hoard and make caches in the defended zone around their burrows, so if pilferers discover their stored food it could lead to catastrophic loss. In contrast, we expect scatter-hoarders to respond to conspecifics that are visiting the same source of food primarily as competitors because for them the loss of food gathering opportunities would be more costly than the loss of one or even several caches. 

We recorded the time wild eastern grey squirrels (Sciurus carolinensis) spent transporting nuts from artificial nut patches of varying quality when they were foraging alone and compared this with transport times when conspecifics were also visiting the patches. We predicted that, if squirrels respond to conspecifics as competitors for the nuts, the way in which transport times changed over different food densities would differ between the social and non-social conditions. If food is abundant, squirrels can spend time on cache-protection measures and return to collect more food in both the social and non-social conditions but, when food is scarce, squirrels will have to return more quickly in the social condition, because of competition for the food. If, instead, squirrels respond to conspecifics as potential pilferers, we predicted that they would take longer to return to the nut patch in the social than the non-social condition for all densities of food, because conspecifics represent an increase in the risk of pilferage and aggression at the food source and a reduction in the amount of available food.

Methods
Observations were made at the two sites described in chapter 2 in May and June 2006 (site 1) and May to July 2007 (site 2). Observations were made 4-5 days a week between 11:00am and 2:30pm or 4:00- 7:00pm. To attract squirrels to the site, a metal tray containing a mixture of walnuts, pecans, almonds and hazelnuts (all in shells) was placed on the ground near the centre of the sites next to a large tree stump and oak tree (site 1) and a eucalyptus tree (site 2) that squirrels were frequently seen to climb. Observations were made from approximately 20m away and a digital video camera was used to film squirrels as they visited the tray. Notes were made on individual squirrels’ distinctive markings, tail shape, body size and typical behaviours. After three weeks, four squirrels at site 1 (referred to as BL, PL, RT and NW) regularly visited the tray soon after it was put out. The sex and age of these squirrels were not known but their size and condition suggested that they were all adults. At site 2 squirrels had been trapped, marked with hair dye on their fur and released (see table 2.2.1, chapter 2) but notes on their appearance and behaviour were also made as they visited the nut tray [referred to as squirrels HP, MT, NK (all adult females) and SD (an adult male)].  
For testing, a piece of thick blue string was used to mark out the nut patch, a circular area of ground (radius 50cm) including the area where the tray had been. The string was held in place with short twigs (~10cm) stuck into the ground. The ground inside the circle was covered with leaf litter gathered from around the area. During testing, only intact hazelnuts (Corylus avellana) were provided. On the first experimental day, 30 hazelnuts were placed on top of the leaf litter to habituate the squirrels to the nut patch. Data from this experimental day were not used in the analysis. On other experimental days nuts were mixed into the leaf litter so that they were not necessarily visible on the surface. The number of visible nuts was not controlled except in the 50 nut condition, when the experimenter ensured that at least 10 nuts were on the surface in order to generate some very short search times. On the first day of testing, 30 nuts were mixed into the leaf litter and this was reduced to 20, 10 and two nuts and then increased to 50 nuts over subsequent sessions. The density of nuts presented each day was determined by lottery, with the restrictions that patches on consecutive days were never the same, all five densities were presented at least once before being presented again, and, on the last three days of the study, patches that had not been visited by some squirrels were chosen again. At the start of the experimental day the nut patch was set up with the required number of nuts. The first squirrel to visit the patch was usually selected for observation, but less frequently observed squirrels were favoured. The focal squirrel was observed continuously until it remained out of view for more than 15 minutes or the experimenter judged the patch to have been depleted, by keeping track of the number of nuts that had been taken. In both cases, the experimenter checked the patch, counted any remaining nuts and added more nuts to make up the required number for that day. 
If the focal squirrel that was being observed before the patch was replenished had not been absent for 15 minutes and returned in less than approximately 10 minutes of the experimenter leaving the patch, observations of that squirrel continued. This happened in the 2, 10 and 20 nut conditions, where the patch was depleted rapidly (<5 minutes); in the two nut condition, a single focal squirrel visited two (3 squirrels), three (3 squirrels) or four patches (1 squirrel) in one day; in the 10 nut condition some visited two (1 squirrel) or three (1 squirrel) and in the 20 nut condition, one squirrel visited two patches. Between one and six nut patches were presented per day but, in most cases (73/83) each focal squirrel was only observed visiting one patch in a day. If the focal squirrel had gone out of view for more than 15 minutes, or did not return within 10 minutes of the patch being replenished, the next, different squirrel to visit the patch was selected for observations.
 It was not possible to pre-determine and equalize the number of presentations of each density for each squirrel as not all squirrels visited the circle every day but, at the end of the study each squirrel had taken nuts from patches of every density on two or three days. Observations were made on 33 days at site 1 and 34 days at site 2 and all squirrels were focal squirrels on at least 3 of the 4-5 observation days per week.

 At the end of the experimental day, any remaining nuts and the string were removed and the leaf litter was collected into a plastic bag for use on the next day. 

The following measures were recorded for each visit to the nut patch: the identity of the focal squirrel, the time between it placing at least one paw inside the circle and leaving so that all four paws were outside the circle (search time) and the number of other squirrels in the nut patch. For all but the last visit of each squirrel in each session the time between leaving and returning to the nut patch was also recorded (travel time). Travel time included the time squirrels spent transporting a nut, burying it and disguising the cache. It was not possible to see the squirrel make a cache on every trip as they often travelled under bushes around the edge of the site, so the experimenter noted down whether the nut was stored within view or not. We assumed that squirrels were storing the nuts when they went out of view because, as non central place foragers, when not caching they usually eat their food where they find it, unless there is a risk of predation or aggression from conspecifics. Even then, they carry food to the nearest place of safety, being less likely to transport food for eating as the distance to the nearest cover increases (Lima et al. 1985). The squirrels in this study usually sat in the nut patch to eat nuts at the start of the session before they began caching bouts. If they were displaced by an aggressive conspecific, they moved just outside the patch or up into the branches of the tree nearest to the nut patch to eat. However, to check that out of view caching trips were not unusual, we carried out the analysis when the data were restricted to ‘in view’ caching trips as well as on all of the data.

All visits to the nut patch were video recorded and the films were used to score the number of squirrels in the nut patch whenever a focal squirrel collected a nut and the identities of any squirrels involved in aggressive interactions where one squirrel moved out of the nut patch when approached by another (displacements).

Search time rather than the original number of nuts was used as a variable in the analysis because, as more than one squirrel searched in the circle and took nuts from each patch, the number of nuts available when the focal squirrel was searching was not necessarily different in days that began with a different number of nuts. The time spent searching was also expected to be a more accurate indication of availability to the squirrels because they did not have visual access to all of the nuts.

All statistical analyses were carried out using SPSS (v.14). The search time data were highly positively skewed and so were log transformed for analysis. The effect of the initial number of nuts on mean search time was analyzed with a repeated measure ANOVA. The mode of the number of squirrels present at the different nut patches when each focal squirrel was searching and the mean numbers of displacements caused by each squirrel per session were analyzed with the non-parametric Friedman’s test. Spearman’s rank correlation (two-tailed) was used to test for correlations between travel time and the order of caches made within a day and between travel time and the day in which observations were made, separately for each squirrel. Multiple linear regression was used to produce a model of travel time with search time (common log transformed), observation site, social condition (the number of other squirrels present) and the interaction between search time and social condition as predictor variables.

The variables making up the interaction term were transformed by centring them on the mean (search time) or 1 (social condition) (i.e. the mean or 1 was subtracted from each observation). Centring the data is the conventional approach when using regression to test interaction terms (Howell 2002, p 579).  It has the effect of reducing the correlation between the individual variables and the interaction term, and making the results of the regression analysis equivalent to those of an ANOVA using the same terms. All data collected from each squirrel were included in the analysis because variation between caches made by an individual may be considerable. This approach to analysis has been used in previous studies on caching birds (Brotons 2000; Petit, Petit & Petit 1989). A dummy variable (Squirrel ID) was included as a predictor to take account of the variation due to individual squirrels.
Results

Search Time 

There was no main effect of the number of nuts in the nut patch at the start of the session on the mean time squirrels spent searching for nuts (F 4, 24 = 1.96, p= 0.13) but there was a significant linear trend, with search time increasing as the number of nuts initially provided in the nut patch decreased (F 1, 6 = 146.62, p< 0.0001). There was no significant difference between sites (F1, 6 = 1.52, p = 0.26) and no significant ‘site by number of nuts’ interaction (F 4,24 = 0.91, p = 0.47) (Fig 5.2.1).
                
[image: image6]
Figure 5.2.1 Mean search times (secs) (± SE) in each of the five nut conditions

Travel Time Model
Table 5.2.1 shows the coefficients for the variables included in the model. The model accounts for 34.7% of the variation found in travel time (R2 = 0.37, or R2 = 0.35, adjusted for the number of variables included in the model F 10, 333 = 18.68, p < 0.0001). Search time and the interaction between search time and social condition were significant predictors of travel time. For every 1 unit increase in log search time, squirrels took 193.78 seconds longer to return to the nut patch (unstandardized coefficient  = 193.78 ± 17.77, t 333 = 10.9, p < 0.0001). This indicates that a ten fold increase in search time adds 193.78 seconds to travel time, and therefore that there is a greater effect on travel times when search times are short than when they are long. 
Figure 5.2.2 suggests that at short search times there was little difference between travel times in the presence or absence of another squirrel. As search time increased, increases in search time were associated with a smaller increase in travel time when conspecifics were present than when the squirrel was alone. In fact, in the presence of other squirrels the effect of search time was reduced by approximately 43% (unstandardized coefficient = -82.84, t 333 = -3.48, p = 0.001). Observation site and social condition alone had no significant effects on travel time. The inclusion of the dummy variable significantly improved the model, showing that there was a significant difference between individual squirrels’ travel times (R2 change = 0.028, F change 6, 323 = 2.413, p = 0.027).

The percentage of observations in which caches were made within view of the experimenter was: BL 46.67%; NW 12.77%; PL 46.94%; RT 36.54%; SD 48.89%; MT 50%; HP 48.78%; NK 44.68%. Squirrel NW was excluded from the analysis on ‘in view’ caches, as only 6 of its caches were seen but all other squirrels made between 23 and 19 caches in view. Table 5.2 shows the coefficients for the variables included in the model when only observations of trips in which the experimenter saw the squirrel storing the nut were included in the analysis. The model accounted for 27.6% of the variation found in travel time (R2 = 0.33, or R2 = 0.28, adjusted for the number of variables included in the model F 10, 134 = 6.09, p < 0.0001). As in the overall model, search time (unstandardized coefficient  = 219.44 ± 39.50, t 134 = 5.56, p< 0.0001)  and the search time by social condition interaction (unstandardized coefficient  = -127.14 ± 44.64, t 134 = -2.85, p = 0.005) were significant predictors of travel time. For every 1 unit of extra log search time, travel time increased by 65.72 seconds, and the presence of a conspecific reduced the effect by 57.9%.  Observation site and social condition did not significantly affect travel time. The inclusion of the dummy variable did not significantly improve the model, showing that there were no significant differences between individual squirrels’ travel times (R2 change = 0.07, F change 6, 124 = 2.035, p = 0.07).
Table 5.2.1 Multiple linear regression coefficients for the time squirrels spent transporting nuts from and returning to the nut patch (travel time) according to the observation site, the time squirrels spent searching in the nut patch and the social condition in which they searched.

	Variable               
	Unstandardized coefficient (±S.E)
	Standardized coefficient
	t
	p

	Constant
	220.55 (36.172)
	
	6.1
	<0.0001

	Log Search Time
	193.78 (17.77)
	0.67
	10.90
	<0.0001

	Observation site


	-1.80 (22.65)
	0.007
	0.08
	0.94

	Social condition
	36.33 (23.14)
	0.17
	1.58
	0.12

	Social condition x log search time
	-82.84 (23.82)


	-0.39
	-3.48
	0.001

	Squirrel BL
	41.70 (23.74)
	0.10
	1.78
	0.08

	Squirrel HP
	-2.72 (22.65)
	-0.07
	-0.12
	0.90

	Squirrel MT
	-19.12 (22.45)
	-0.05
	-0.85
	0.40

	Squirrel SD
	-32.76 (21.95)
	-0.09
	1.49
	0.14

	Squirrel NW
	36.67 (23.67)
	0.09
	1.53
	0.13

	Squirrel RT
	-26.53 (22.47)
	-0.07
	-1.16
	0.25


    R2 adj = 0.347, F (10, 333) = 18.68, p <0.0001
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Figure 5.2.2 The multiple linear regression model fitted for squirrels at site 1 (BL, NW, PL, RT) and site 2 (SD, MT, HP, NK) when they were alone (non-social) or with one squirrel present (social)
Table 5.2.2 Multiple linear regression coefficients for the model of travel time when only data from observations in which squirrels made a cache in view of the experimenter were included.
	Variable               
	Unstandardized coefficient (±S.E)
	Standardized coefficient
	t
	p

	Constant
	89.09 (214.85)
	
	0.42
	0.68

	Log Search Time
	219.44 (39.50)
	0.74
	5.56
	<0.0001

	Observation site


	52.99 (109.04)
	0.206
	0.486
	0.63

	Social condition
	65.72 (38.03)
	0.28
	1.73
	0.09

	Social condition x log search time
	-127.14 (44.64)


	-0.56
	-2.85
	0.005

	Squirrel BL
	143.02 (110.16)
	0.37
	1.30
	0.20

	Squirrel HP
	70.10 (34.13)
	0.2
	2.05
	0.04

	Squirrel MT
	43.78 (33.33)
	0.13
	1.31
	0.19

	Squirrel SD
	-9.18 (32.77)
	-0.03
	-0.28
	0.78

	Squirrel PL
	94.77 (109.41)
	0.26
	0.87
	0.39

	Squirrel RT
	70.49 (110.26)
	0.18
	0.64
	0.52


 R2 adj = 0.276, F (10, 134) = 6.09, p <0.0001
Observations on Individual Squirrels 

Frequency of observations

All eight of the identified squirrels were frequently present at the sites (Table 5.2.3).
When squirrels were searching for a nut, the number of other squirrels in the nut patch was zero, one or two. This did not differ significantly according to the number of nuts initially provided in the patch (χ 2 4 = 1.48, N=8, p = 0.83). The exact number of other squirrels present across the site and visible to the experimenter was estimated from the amount of data collected per day from notes made during the observations; it did not exceed 5, and was more often only 1 or 2.There were no obvious differences in the number of squirrels seen between days with different densities of nuts in the nut patch.

Displacements

Squirrels were displaced from the nut patch by a conspecific on only 31 occasions. Squirrel RT at site 1 and NK at site 2 displaced the most squirrels whilst PL at site 1 and MT at site 2 were displaced most frequently (Table 5.2.3). Squirrels tended to initiate more displacements at patches with a greater initial density of nuts but the effect was not significant (χ 2 4 = 7.93, N=8, p = 0.09).

Travel times within and across days

None of the squirrels showed a significant correlation between travel time and the order in which caches were made within an experimental day i.e. travel time did not increase or decrease over the course of a day (HP, r s = -0.024, N = 40 , p = 0.883; NK, r s = -0.232, N = 45 , p = 0.125; PL, r s = -0.175, N = 44, p = 0.257; RT, r s = -0.25, N = 44 , p = 0.102; SD, r s = -0.29, N= 44, p = 0.055; BL, r s = 0.238, N = 38 , p = 0.15; MT, r s = 0.26, N = 41, p = 0.1; NW, r s = 0.243, N = 38, p = 0.142). 

Five squirrels showed a significant negative correlation between travel time and the day in which observations were made with travel time becoming shorter on later days(BL, r s = -0.42, N = 38, p = 0.009; NW, r s = -0.38, N = 41,  p = 0.017; MT, r s = -0.57, N = 41, p <0.0001; NK, r s = -0.46, N = 46, p = 0.001; SD, r s = -0.37, N = 44, p = 0.013). The other 3 squirrels showed no significant correlation (RT, r s = -0.15, N = 44, p = 0.336; PL, r s = 0.11, N = 44, p = 0.488; HP, r s = 0.29, N = 40, p = 0.07). A single Chi-square value was obtained from the individual P-values using the Chi-square transformation described by Jones and Fiske (1953) (The p < 0.0001 for squirrel MT was taken as p = 0.0001; for positive correlations, 1- p was used) (χ2 16 = 62.16, p < 0.0001). The null hypothesis that none of the squirrels showed a trend for travel time to reduce over days can be rejected. 

Table 5.2.3 The number of days each squirrel was present at the observation site and the number of times each squirrel displaced other squirrels from the nut patch. 

Site 1

	
	
	Number of displacements by focal squirrel 

	Focal squirrel
	Days
	RT
	PL
	BL
	NW
	Unidentified

	RT
	30
	-
	4
	3
	2
	3

	PL
	24
	0
	-
	0
	0
	0

	BL
	23
	0
	3
	-
	0
	1

	NW
	19
	0
	0
	0
	-
	0


Site 2

	
	
	Number of displacements by focal squirrel

	Focal squirrel
	Days
	HP
	SD
	NK
	MT*
	Unidentified 

	HP
	23
	-
	0
	0
	0
	0

	SD
	21
	0
	-
	0
	3
	0

	NK
	20
	4
	2
	-
	2
	1

	MT
	16
	0
	0
	0
	-
	0


* MT was also displaced by unidentified squirrel(s) on 2 occasions.

Discussion

The squirrels in this study appeared to adjust their food sequestering activities in relation to both the availability of food and to the level of competition at the food source. To our knowledge this is the first study to show that, when collecting and caching food from a central source, a scatter-hoarding mammal responds to conspecifics at the food source primarily as competitors for the food rather than as potential pilferers. This is indicated by the findings that squirrels returned to the nut patch more rapidly as the availability of food decreased if conspecifics were present than if they were alone but did not respond to conspecifics by increasing the time they took to transport nuts, a strategy that should increase the security of caches.
When food is abundant, the presence of conspecifics does not greatly affect the availability of food but, when food is limited and there is competition for it, hoarders must sequester it more rapidly in order to maximize the amount they secure. In the current study, the social condition by search time interaction was a significant predictor of travel time, showing that squirrels did indeed return to the nut patch relatively more rapidly as competition increased. Heinrich and Pepper (1998) found that captive ravens also cached more quickly when conspecifics were present than when they were alone when a relatively small quantity of meat was provided (15 chunks between 4 birds) but that wild ravens storing food from a carcass cached more rapidly when they were with one other bird (their mate) than when a large flock was present. This is in contrast to the current study, in which social condition had no main effect on the squirrels’ travel time and little influence at all when food was abundant. This could indicate a difference between the species, with ravens responding to conspecifics as potential pilferers and squirrels as competitors for the food. Ravens have been found to steal caches they have seen being made and caching at greater distances from where others are foraging may help to prevent this (Bugnyar & Kotrschal 2002; Heinrich & Pepper 1998). These birds can also be aggressive around the food source, sometimes preventing others from accessing it (Heinrich & Pepper 1998), so spending longer on making caches may also partly be a result of avoiding such aggressive encounters. It is not known whether squirrels can use observational spatial memory to steal from caches they see others making but the squirrels in the current study showed little aggression, only occasionally chasing each other off the nut patch and no squirrels were completely excluded from it. For squirrels, responding to conspecific competitors by increasing the rate at which they exploit the nut patch should be more beneficial than increasing the time spent on cache-protection measures. 

Responding to conspecifics with behavioural flexibility according to the availability of food rather than directly to their presence should allow the squirrels to maximize the amount they store that survives for later use over a range of different conditions. Previous studies in which animals were provisioned with an abundant supply of food found a reduction in the rate of caching in response to the presence of conspecifics (Stone & Baker 1989; Lahti & Rytkönen 1996; Brotons 2000; Dally et al. 2005b) and, in our own previous work we found that squirrels travelled farther between bouts of digging (Leaver et al. 2007) and spent more time arranging leaf litter over the surface of the cache (experiment 5) when conspecifics were present than when they were alone. Together with the result of the current study, this supports the idea that eastern grey squirrels respond differently to the presence of conspecifics according to whether they are competing at the food source or forming an ‘audience’ to the caching event, where they represent potential pilferers.

The overall model suggests that there were significant differences between travel times of individual squirrels. There were very few physical interactions, so it is unlikely that any squirrels were particularly excluded from the nut patches, although two squirrels, one at each site, instigated most of the displacements and so were indicated as the most dominant individuals (squirrels RT and NK). Squirrel NK was pregnant when she was first trapped and dyed, so it is likely that she was nursing young during the study, and this may have made her more aggressive. Interestingly, these two squirrels appeared to be least affected by changes in competition for the food but in different ways. Squirrel RT showed very little difference between the social and non-social conditions across the different search times, whilst NK tended to return to the nut patch sooner in the social than non-social condition. It is possible that this difference relates to the location of their home ranges. All eight squirrels were seen at the sites very frequently which suggests that the nut patches were placed well within their normal foraging range but, as previous studies suggest that squirrels transport food towards the centre of their home ranges where it can be stored more securely (Spritzer & Brazeau 2003; Kraus 1983), the exact position of the nut patches may have affected travel times. The lack of a significant difference between squirrels when the analysis was restricted to observations of trips in which caches were made in view of the experimenter, and therefore within a restricted distance of the nut patch, supports the idea that home range location was influential on travel time, although some caution is needed in the interpretation of this result due to the reduced power of the test caused by excluding data. There was no indication that the number of displacements initiated by individual squirrels was related to the likelihood that they would remain close to the nut patch to make caches, as the most dominant squirrels made no more caches in view of the experimenter than most of the other squirrels. These points suggest that it is the amount of competition rather than the type of competition that influences travel time. The influence of home range location and dominance on how competition is perceived may differ between individual squirrels and this could explain why one squirrel (NW) went out of view very frequently, but further study is needed to assess the importance of these factors on travel time.

The lack of a significant main effect of conspecific presence on travel time shows that squirrels did not respond directly to conspecifics by increasing transport distance. The pattern of travel times within and between sessions also suggests that squirrels were not trying to minimize pilferage risk in response to the social factors during individual sessions. Squirrels showed no tendency to carry nuts increasingly far away over the course of a session, as predicted by optimal density models (Stapanian & Smith 1978; Clarkson et al. 1986) and five of the squirrels returned to the nut patch increasingly quickly from one session to the next. This is the opposite of what is expected of hoarders aiming to maximize cache survival when hoarding from a recurring food source (Waite & Reeve, 1992b). It is possible that these squirrels learned that the nut patch was available for a certain period of time each day and so deliberately shortened their travel times to maximize the number of nuts they sequestered during that time. The squirrels may also have moved their stored food to more secure locations at a later time, as has been found in other scatter-hoarders (Merriam’s kangaroo rats, Jenkins & Peters 1992; grey jays, Waite & Reeve 1992a; willow tits, Brodin 1994; scrub-jays, Emery & Clayton 2001). Although the squirrels were not seen to do this, it may have occurred over the longer term. The fact that travel times did not increase between sessions suggests that the ground around the nut patches did not become saturated despite the frequent provisioning of nuts during the study. 

The presence of conspecifics alone did not affect travel time but travel time was affected by the availability of nuts independently of social condition and squirrels appeared to respond to reduced availability by caching in more distant locations. As expected, the time squirrels spent searching for nuts increased as the number of nuts provided decreased and the model indicates that as the time squirrels spent searching increased they took longer to transport the nuts and return to the patch. This suggests that, although the squirrels did not respond to social factors by increasing the distance between their caches and the nut patch, they did respond to a reduction in food availability by trying to minimize pilferage risk. Storing food farther from the source increases a cache’s chances of survival (e.g. Tamura et al. 1999) and previous studies have also found that scatter-hoarders distribute food more widely if it is rare in the environment (willow tits and crested tits, Parus cristatus, Jokinen & Suhonen 1995; heteromyid rodents, Longland & Clements 1995).  

Previous studies have found that scatter-hoarders respond appropriately to local conditions, adjusting the time they spend transporting and collecting food according to variations in background pilferage risk (magpies, Clarkson et al. 1986), the presence or absence of conspecifics (Heinrich & Pepper 1998), the presence of existing caches (grey jays, Waite & Reeve 1992b; coal tits, Male & Smulders 2007b) and the nutritional value of the food being stored (willow and crested tits, Jokinen & Suhonen 1995; Merriam’s kangaroo rats, Leaver 2004). The current study extends this finding to include their response to conspecifics at the food source and suggests that, in contrast to larder-hoarding animals (eastern chipmunks, Clarke & Kramer 1994), scatter-hoarders respond to conspecifics primarily as competitors at the food source rather than as potential pilferers. Further work is needed to establish to what extent competition for food rather than pilferage risk determines the compromise made between collecting and transporting food for long-term caches versus short-term caches which are to be redistributed.

5.3 Experiment 5: Evidence of social influences on cache-making by grey squirrels

Experiment 5 has been published in ‘Ethology’ (Blackwell publishing). The definitive version is Hopewell LJ & Leaver LA. (2008). Evidence of social influences on cache-making by grey squirrels. Ethology 114, 1061-1068. doi: 10.1111/j.1439-0.10.2008.01554.x
Abstract

Many studies have found that scatter-hoarding animals change their behaviour when storing food in the presence of conspecifics to minimize the likelihood that their caches will be pilfered; they refrain from caching, move away from conspecifics or choose visually obscured sites. This study reports the first evidence that the presence of conspecifics continues to influence the caching behaviour of a scatter-hoarding mammal, the grey squirrel, after a suitable cache site has been selected and the hoarder is filling and covering its cache. Wild grey squirrels were filmed when storing preferred and less preferred nuts and when they were alone or with conspecifics present. In line with previous findings, squirrels spent longer travelling from the nut patch and were more vigilant when conspecifics were present. However, squirrels also spent longer disguising their caches and were more likely to stop digging and become vigilant when conspecifics were present than when they were alone. In particular, they were most likely to curtail their digging when storing their preferred nuts in the presence of conspecifics. The results indicate that caching squirrels remain sensitive to the presence of conspecifics until the cache is complete and that they respond flexibly to conspecifics according to the type of food they are storing.
Introduction

Scatter-hoarding animals store food by concealing small quantities or individual items of food in widely dispersed caches (Vander Wall 1990). This method of food storage is considered adaptive if the individual that stores the food has a greater chance of recovering it than other, naïve foragers (Andersson & Krebs 1978; Vander Wall & Jenkins 2003) and previous studies suggest that scatter-hoarders do indeed alter their caching behaviour when storing food in the presence of conspecifics to reduce the likelihood of cache loss to pilferers (review by Dally, Clayton et al. 2006). For example, scatter-hoarding birds  may refrain from caching or reduce the amount they store if conspecifics are close by (Stone & Baker 1989; Lahti & Rytkönen 1996; Brotons 2000; Dally et al 2005b), move away from conspecifics before caching (Dally et al. 2005a; Bugnyar & Kotrschal 2002; Heinrich & Pepper 1998) or choose visually obscured sites to reduce the likelihood that conspecifics will be able to observe the cache being made (behind barriers, Bugnyar & Kotrschal 2002; Dally et al, 2005a; in shaded sites, Dally et al. 2004).  


Fewer studies have looked at scatter-hoarding mammals, but some suggest that they are also sensitive to conspecifics when caching; captive mice (Peromyscus leucopus) increased the amount they stored if they could see or just smell a conspecific (Sanchez & Reichman 1987), kangaroo rats (Dipodymys merriami) became more vigilant if a conspecific was present in a neighbouring section of a caching arena (Preston & Jacobs 2001), and wild grey squirrels (Sciurus carolinensis) became more likely to make ‘deceptive’ caches by digging holes and covering them without depositing any food as the number of conspecifics within 20m increased (Steele et al. 2008). In another study, grey squirrels oriented to face away from conspecifics but not from heterospecifics (magpies, Pica pica, and crows, Corvus corone) whilst digging (Leaver et al. 2007). Other studies suggest that squirrels are sensitive to heterospecific potential pilferers in some situations; they moved out of view of human ‘pilferers’ before caching (Steele et al. 2008), and reduced their effort when searching for cacheable food if experimenters played recordings of  blue jays (Cyanocitta cristata) close to the foraging patches (Schmidt & Ostfeld 2008).


Although many studies have found that caching behaviour is affected by the presence of conspecifics both before hoarders actually store the food, and, to some extent, after storing it (e.g. the use of ‘deceptive’ caches, Steele et al. 2008; re-caching, Dally et al. 2005a; Dally, Emery et al. 2006, choosing ‘noisy’ substrates for re-caching so that pilferers will make a noise when trying to steal the food, Clayton personal communication), what is uncertain is whether hoarders continue to be sensitive to the presence of conspecifics when actually preparing, filling and covering a cache. The purpose of this study was to add to existing findings on how the caching behaviour of the grey squirrel is affected by the presence of conspecifics from the time it collects a nut to when it begins to store it (Leaver et al. 2007; Steele et al. 2008), and to further the findings by testing whether the process of digging and disguising the cache is also affected by conspecific presence. 
Grey squirrels make caches by transporting single items of food in their mouth to a suitable site, sometimes digging in several locations before selecting a site. They then dig a hole in the ground with their fore paws, push the food into the hollow from their mouths and press it down, arching their back and using the whole weight of their body. Finally, they pull the soil back over the food and then pull leaf litter and debris over the surface (MacDonald 1995). We expected that when conspecifics were present, squirrels would take longer to select a site and sample more potential sites, to enable them to select a micro site where stored food would be less detectable by pilferers (e.g. by minimizing the availability of odour cues through choosing dry rather than wet soil, Vander Wall 2000; small rather than large particle soil, Pearson & Theimer 2004). Digging in multiple locations may also confuse onlookers as to the whereabouts of the cache (Steele et al. 2008). Bugnyar and colleagues (2007) found that when humans removed inedible objects that had been stored by captive ravens, the birds responded by subsequently storing food in sites that were out of view of the pilferers and by taking longer to cover their caches when the pilferers were present than when non-pilfering humans were present. We predicted that squirrels would maximise the effort they make to secure their stored food when other squirrels were present by investing more time in digging and disguising their caches, and that they would be more vigilant when conspecifics were present in order to monitor their activities. Some studies suggest that mammals can be vigilant to some extent whilst simultaneously carrying out other tasks as long as their head is in a raised position, although they may cease these other activities if predation risk is high (e.g. food handling in squirrels, Makowska & Kramer 2007 ; feeding in rabbits, Monclús & Rödel 2008).When caching, squirrels face down towards the ground and so, in order to effectively scan the surroundings for predators or conspecifics, they must break off from caching to become more upright, thereby increasing the total time devoted to making the cache. We predicted that if squirrels showed such changes in their vigilance and in the digging and disguising of their caches, they would be more pronounced when they were storing a preferred food, since previous studies suggest that hoarders increase their effort when storing more valuable food (Stapanian & Smith 1984; Hurly & Robertson 1987; Jokinen & Suhonen 1995; Leaver 2004).
Method

Study Sites and Squirrels

Observations were made at the two sites described in chapter 2, from October-December 2006 at site 1 and February-April 2007 at site 2, for 1-2hr daily sessions (up to 5 days a week) between 9:00 and 11:30 am. Mixed nuts were placed on the ground, to form an artificial nut patch close to trees which the squirrels were regularly seen to climb and which were approximately at the centre of each site. The experimenter sat 20m away and used a digital video camera to film squirrels visiting the nut patch, transporting the nuts and making caches

Nut Preference Test

Hazelnuts and almonds of similar size were used in the study. Hazelnuts typically have a higher fat (60%) and energy (628 kcal/100g) content than almonds (49% fat, 575kCal/100g) (values from USDA National Nutrient database for standard reference, 2007).Thirty hazelnuts and 30 almonds were mixed together on the ground to form the artificial nut patch and the experimenter observed squirrels taking the nuts (to confirm that they were only removed by squirrels) and counted the number of nuts remaining after an hour.

Data Collection

Sixty intact hazelnuts or almonds were provided as the artificial nut patch in alternate sessions. The experimenter filmed individual squirrels collecting a nut, transporting it and making a cache. Squirrels were selected for observations opportunistically but those that had not been observed recently were favoured. Caching events were recorded as ‘social’ if at least one other squirrel was visible to the experimenter and on the ground within approximately 25m of the nut patch at any time between the focal squirrel collecting a nut and moving away from the completed cache. If no other squirrels were visible, the caching event was recorded as ‘non-social’. Testing continued until each squirrel had been observed caching at least three times in each of the four conditions (hazelnuts and almonds in the social and non-social conditions; this took up to 30 sessions at each site). 


Data were recorded from the film for each squirrel in each of the four conditions and recording began after the focal squirrel had collected a nut. Travel time (from collecting a nut to starting to dig the cache, excluding any time spent on vigilance), vigilance time before making the cache (stationary with head above shoulder level, excluding vigilance associated with the curtailed digging described below), digging time (digging the hole, ending with depositing the nut) and disguising time (covering the nut in the hole with earth and leaf litter, ending with back legs moving away from the cache) were all recorded to the nearest second.


 The number of exploratory digs (the squirrel is stationary and scrapes a forepaw on the ground at least once before moving on, sniffing the ground, without depositing the nut) and the number of curtailed digs (the squirrel is stationary and scrapes a forepaw on the ground at least once before becoming vigilant with head raised above shoulder level and then moving on without depositing the nut) were also recorded. 

All analyses were carried out with SPSS v14.  Nut preferences at the two sites were analyzed with Chi-Square tests. Separate repeated measure ANOVAs with nut type and social condition as within subject factors were carried out on mean values of each of the variables. 
Results

Nut Preference
At both sites, squirrels took significantly more hazelnuts (site 1= 22, site 2 = 22) than almonds (site 1 = 10, site 2 = 4) in the hour of the preference test (Site 1: χ21 = 4.5, p = 0.034; Site 2: χ 2 1 = 12.46, p < 0.0001). 

Social Condition
The number of squirrels present besides the focal squirrel ranged between 0 and 4, with a mode of 2. In the social condition, the ‘other’ squirrels also visited the nut patch and foraged closely together. Some squirrels always waited within approximately 1m of the patch until it was vacant before visiting it but squirrels did not approach others closely whilst they were caching. The number of ‘social’ caching events recorded for each squirrel ranged between 6 and 20 and ‘non-social’ caching events between 6 and 14.

Travel time

Squirrels took significantly longer to begin making a cache after collecting a nut when other squirrels were present than when they were alone (F 1, 6 = 55.68, p < 0.001). (Fig. 5.3.1a). There was no significant effect of nut type (F 1, 6  = 0.26, p = 0.63), no significant effect of site (F 1, 6 = 0.87, p = 0.39) and no significant interactions (nut by site, F 1, 6 = 0.85, p = 0.39; social condition by site, F 1, 6 = 0.16, p = 0.70; nut by social condition, F 1, 6 = 1.71, p = 0.24; nut by social condition by site, F 1, 6 = 0.18, p = 0.69).

Vigilance

Squirrels spent significantly more time on vigilance when caching with other squirrels present than when they were caching alone (F 1, 6 = 21.58, p = 0.004). (Fig. 5.3.1b). None of the other variables or interactions between variables significantly affected vigilance time (nut, F 1, 6 = 0.42, p = 0.54; site , F 1, 6 = 0.48, p = 0.52; nut by site, F 1, 6 = 0.36, p = 0.57; social condition by site, F1, 6 = 0.90, p = 0.38; nut by social condition, F 1, 6 = 5.94, p = 0.051; nut by social condition by site, F 1, 6 = 0.14, p = 0.72).
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Figure 5.3.1 The mean ( ± S.E.) time (secs) squirrels spent a) travelling after collecting a nut and before storing it, b) being vigilant before storing the nut, c) digging a hole to store the nut and d) disguising the cache in each of the four conditions.

Digging time 

The mean time spent digging a cache and depositing the nut was not significantly affected by any of the variables (nut, F 1, 6 = 3.8, p = 0.99; social condition, F1, 6 = 1.95, p = 0.21; site, F 1, 6 = 0.28, p = 0.61; nut by site, F 1,6 = 0.13, p = 0.74; social condition by site, F 1, 6 =2.74, p = 0.15; nut by social condition, F 1, 6 = 3.98, p = 0.09, nut by social condition by site, F 1, 6 = 0.02, p = 0.91). (Fig. 5.3.1c).

Disguise time

Squirrels took significantly longer to disguise hazelnut caches than almond caches (F 1, 6 = 71.5, p < 0.001) and took longer when other squirrels were present than when alone (F 1,6 = 89.23, p < 0.001) (Fig. 5.3.1d). None of the other variables or interactions between variables had a significant effect (site, F 1, 6 = 1.58, p = 0.26; nut by site, F 1, 6 =2.04, p = 0.20; social condition by site F 1, 6 = 4.94; p = 0.068; nut by social condition, F 1, 6 = 0.64, p = 0.45; nut by social condition by site, F1, 6 = 0.9, p = 0.38).

Exploratory digs

Squirrels at site 1 made more exploratory digs before caching (mean ± SE = 1.2 ± 0.13) than squirrels at site 2 (mean ± SE = 0.67 ± 0.11) (F 1, 6 = 16.99, p = 0.006). None of the other variables or interactions between variables had a significant effect on the number of exploratory digs (nut, F1, 6 = 0.41, p = 0.55; social condition, F 1, 6 = 0.18, p = 0.69; nut by site, F1, 6 = 0.135, p = 0.73; social condition by site, F 1, 6 = 1.93, p = 0.21; nut by social condition, F 1, 6 = 1.04, p = 0.35; nut by social condition by site, F 1, 6 = 0.69, p = 0.44) (Fig. 5.3.2a).

Curtailed digs

Squirrels made more curtailed digs when storing hazelnuts than almonds (F 1, 6 = 25.39, p= 0.002) and more when other squirrels were present than when cachers were alone (F 1, 6 = 33.68, p = 0.001). There was also a significant nut by social condition interaction (F 1, 6 = 7.56, p = 0.03). The number of curtailed digs did not vary much between nut types when squirrels were alone but when other squirrels were present, there were more when squirrels were caching hazelnuts than almonds. There was no difference in the number of curtailed digs between sites (F 1, 6 = 0.84, p = 0.39), no significant nut by site interaction (F 1, 6 = 0.69, p= 0.44), no significant social condition by site interaction (F 1, 6 = 0.93, p = 0.37) and no significant nut by social condition by site interaction (F 1, 6 = 2.22, p = 0.19) (Fig. 5.3.2b).
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Figure 5.3.2 The mean number ( ± S.E.) of a) exploratory digs and b) curtailed digs per caching trip when squirrels were storing hazelnuts and almonds alone (non-social) or with other squirrels present (social).

Discussion
The results of this study show that squirrels remain sensitive to the presence of conspecifics throughout the process of making a cache, from transporting the food and selecting a site, as indicated by previous studies (Leaver et al. 2007; Steele et al. 2008), to disguising the finished cache. As predicted, squirrels took longer to begin storing the nut after collecting it from the nut patch, they were more vigilant and more likely to stop digging and become vigilant and took longer to disguise their caches when conspecifics were present than when they were alone. 

Squirrels took more hazelnuts than almonds during the preference tests. Although foods chosen for caching are not necessarily the same as those preferred for immediate consumption, in this study, squirrels both ate and stored hazelnuts before selecting almonds from the nut pile. This preference is consistent with the higher fat and energy content of the hazelnuts (Lewis 1980), and the greater perishability of almonds, caused by the more porous shell. Squirrels have been found to preferentially select less perishable items for caching (Hadj-Chikh, Steele & Smallwood 1996).  

Squirrels spent longer disguising their preferred food and stopped digging to become vigilant more often when storing hazelnuts than almonds. In particular, they stopped digging to scan their surroundings most frequently when storing hazelnuts in the presence of conspecifics.

The increase in travel time and vigilance in the presence of conspecifics suggests that individuals deliberately distanced themselves from conspecifics when caching so that they did not store food where others are likely to forage in the immediate future. The increases could be explained simply because the focal squirrel had to move around and scan the surroundings more to avoid other squirrels, but, several points suggest that the increases in the squirrels’ vigilance and travel time were specifically in relation to their caching. In the current study, squirrels often foraged closely together at the nut patch, suggesting that, as in other studies (scrub-jays, Aphelocoma californica, Dally et al. 2005b; squirrels, MacDonald 1995) scatter-hoarders will engage in activities other than caching in close proximity to others. The squirrels in the current study were more wary when storing their preferred food and not just when conspecifics were present. In addition, they were never seen to physically disrupt each other from their caching, suggesting that digs were deliberately curtailed by the caching squirrel itself in order to monitor its surroundings.  It is also likely that the increase in vigilance was in response to conspecifics rather than predation risk because predators (i.e. dogs) were rarely seen at or near the sites during the observation sessions and their occurrence did not vary between conditions.

 Squirrels took longer to disguise their caches when conspecifics were present than when they were alone. Taking more time to arrange leaf litter and debris over the surface of the cache ensures that all visual signs are removed and may help to reduce the availability of odour cues, making it more difficult for naïve foragers to uncover the food (Vander Wall 1982; 2000). Dally et al. (2005a) found that scrub-jays also took longer over their caching when they were in view of a conspecific in a neighbouring cage than when they were out of view, often moving stored food around several times if conspecifics were observing them. Ravens have also been found to increase the time they spend covering their caches if human pilferers are present (Bugnyar et al. 2007) and to recover and move stored food if conspecifics approach too closely (Bugnyar & Kotrschal 2002). 
Other studies also suggest that hoarders sequester food rapidly from an abundant source of food and redistribute it to more secure sites at a later time (e.g. Jenkins & Peters 1992; Waite & Reeve 1992; Brodin 1994). The squirrels in this study were not seen to recache any nuts and, although the increase in curtailed digs may have confused onlookers and discouraged them from trying to find the cache, there was no evidence that squirrels deliberately used any form of ‘false’ caching to mislead conspecifics. All curtailed and exploratory digs ended before the nut was placed in the hole, and the ‘deceptive’ caching described by Steele et al. (2008), in which squirrels dug and covered holes without depositing a nut was not observed in this study. However, by increasing the time taken to disguise caches, squirrels could remain at the site for longer, possibly until they perceived that it was sufficiently secure and others had been deterred from approaching it. 

 The increase in the time taken to disguise the preferred hazelnut caches over the less preferred almonds is consistent with other studies that found an increase in effort when hoarders were storing more valued foods (Stapanian & Smith 1984; Hurly & Robertson 1987; Jokinen & Suhonen 1995; Leaver 2004).

We predicted that squirrels would also invest more effort in excavating cache sites when storing preferred food and when conspecifics were present. However, we found no effects of social condition or nut type on digging time. It is possible that variations in the compactness of the ground affected digging times and that this masked any differences in digging effort; squirrels may have selected sites with looser soil if they wanted to store nuts at a greater depth.

Although the frequency of exploratory digs did not differ between social conditions or nut type, there was a significant difference between sites. This may relate to the different times of the year at which observations were made and is consistent with squirrels making a greater investment in storing food when it is becoming scarce (late autumn/ early winter when observations were made at site 1) by being choosier about where they cache, sampling more potential cache sites. Steele et al. (2008) found that squirrels also dug and covered holes without depositing a nut increasingly frequently through the autumn. One reason squirrels might reject potential cache sites after starting to dig is if they are found to be too close to existing caches, made by the same or other individuals that forage and cache in the same area, since caches made at high densities suffer higher rates of pilferage than widely spaced caches (Hurly & Robertson 1987; Stapanian & Smith 1984). Squirrels would detect existing caches more frequently during the peak caching season, when the number of caches is at its highest (site 1).

Some studies suggest that corvids are able to distinguish between individuals that do and do not pose a risk to their caches on the basis of their knowledge (Dally, Emery et al. 2006; Bugnyar & Heinrich 2005) or previous pilfering tendencies (Bugnyar et al. 2007). The extent to which conspecifics affect an individuals’ caching may also be affected by social rank (Daly et al. 1992; Clarke & Kramer 1994; Lahti et al. 1998; Dally et al. 2005b), with dominant individuals being less affected than subordinates. In the current study, only a small number of interactions between pairs of identified squirrels were observed so it was not possible to establish a dominance ranking in any detail. The squirrels that waited outside the nut patch until it was vacant may have been subordinate but, other than waiting for access to the nuts, their behaviour did not obviously differ from the other squirrels, suggesting that dominance status or other inter-individual factors were not a major influence on caching in this study.

 The results of this study offer further support to the idea that scatter-hoarding mammals adjust their caching behaviour when in the presence of conspecifics in ways which should reduce the likelihood of cache loss to pilferers, as has been found in the more widely studied corvids ( Dally, Clayton et al. 2006; Clayton et al. 2007; Bugnyar 2007). The results also indicate that squirrels remain sensitive to conspecifics after selecting a site in which to store their food and increase the time they spend disguising their caches. These small modifications may help hoarders to protect their caches with minimal costs when they are storing highly valued foods and when they cannot get away from conspecifics such as when sequestering food from an ephemeral abundant source or when there are many constantly moving conspecifics present. 
CHAPTER 6: Observer effects on spatial learning and cache-recovery behaviour of the grey squirrel: an experimental approach
The experiments in chapter 6 were submitted to ‘Ethology’, but following comments from reviewers, a revised version of the chapter has been submitted to ‘Behavioural Processes’.
Abstract

Scatter-hoarders can make it more difficult for potential pilferers to obtain information about the location of their stored food by positioning themselves so that their cache making activities are visually obscured from conspecifics. What is not known is whether, by positioning themselves at obscured cache sites, hoarders also gain some benefit from not being able to see conspecifics. We tested whether the ability of captive eastern grey squirrels to learn the location of a buried nut is affected by the presence of a conspecific by comparing their performance on a one-trial learning task when they learned in the presence of another squirrel with their performance when a pigeon or plant was present. We also examined the roles of motivation and olfaction in their cache-recovery behaviour. The squirrels’ general motivation to recover nuts was not affected by social condition but they were more accurate in recovering the nut when a conspecific had been present and utilised olfaction to a lesser extent than in the heterospecific conditions. Squirrels tended to turn away from conspecifics when they were searching for the nut, but not in a task where the nut’s position was marked with a visual cue, suggesting that they blocked the conspecific from view only when required to remember the nut’s location. The results suggest that squirrels use the most efficient strategy to recover buried food according to the social conditions at the time they first learn about its location by varying the extent to which they use memory and olfaction. 

6.1
Introduction
Many studies have found that the caching decisions of scatter-hoarders are influenced by the presence of conspecifics (review by Dally, Clayton et al. 2006). For example, hoarders often store food in visually obscured sites, presumably reducing the likelihood that onlookers will be able to observe the cache being made and steal the food. They move behind rocks and trees (Bugnyar & Kotrschal 2002), choose dimly lit sites (Dally et al. 2004) or wait until others are preoccupied before caching (Heinrich & Pepper 1998). Steele et al. (2008) found that grey squirrels moved under bushes or into tree cavities to store nuts when human ‘pilferers’ were present.

Much less work has looked at whether the presence of conspecifics at the time a cache is being made affects cache-recovery behaviour. In laboratory studies, scrub-jays (Aphelocoma californica) were found to return preferentially to caches that were made in public and to store the food again elsewhere, in private (Emery & Clayton 2001; Emery et al. 2004). Mammals also make caches away from areas of high pilferage risk as indicated by the presence of conspecifics but only if the potential pilferer is still present (voles, Microtus agrestis, Hansson 1986; chipmunks, Tamia striatus, Clarke & Kramer 1994) or they have experienced actual loss of caches (Merriam’s kangaroo rats, Dipodymys merriami, Preston & Jacobs 2001). What is not known is whether there is any difference in the accuracy with which privately-made and publicly-made caches are recovered. This is of interest because it will help to determine whether hoarders choose to store food in private for the sole purpose of protecting their caches from pilferers or if other, egocentric factors are involved i.e. whether they deliberately move out of view so that others cannot see them or so that they cannot see others. So far, convincing evidence for intentional deception of conspecifics and perspective taking in scatter-hoarders has only been found in corvids (e.g. scrub-jays, Emery & Clayton 2001; ravens, Corvus corax, Bugnyar & Heinrich 2005; 2006). 

In some cases, a hoarder might choose to cache where it cannot see others if conspecifics are distracting. Many studies have found that when individuals divide their attention between one or more tasks, performance on any one task is disrupted (review by Dukas 2002). If a hoarder has to divide its attention between monitoring conspecifics and making caches its ability to learn or recall the location of its caches may be disrupted. In some species, the presence of conspecifics acts as a stressor that can lead to poorer performance in caching-related tasks. For example, in a test of observational learning, Bednekoff and Balda (1996) noted that when captive Clark’s nutcrackers observed a conspecific making caches, they often tried to move away from the other bird, or to attack it whenever it approached the cage to collect seeds and this may have contributed to their poorer performance as observers in recovering caches when compared to the more social Mexican jays.
 In a study with captive Merriam’s kangaroo rats, Preston and Jacobs (2001) found that individuals that had suffered heavy losses of caches to a pilfering conspecific that remained visible in a neighbouring part of the arena, showed increased self-directed behaviours like scratching and grooming (a sign of anxiety) and switched from scatter-hoarding across the arena to larder-hoarding in their burrows. This change in strategy is consistent with trying to reduce the likelihood of pilferage when an area is known to be vulnerable but larder-hoarding also makes less demand on memory at a time when the cacher is more anxious and dividing its attention between caching and inspecting the pilferer’s side of the arena. 

In field studies, we found that eastern grey squirrels are sensitive to the presence of conspecifics when caching and change their behaviour; they turn their backs on conspecifics, (Leaver et al. 2007) and spend longer disguising their caches if others are present (experiment 5). Here, we tested whether there is also a change in their behaviour at the time of cache recovery by testing captive squirrels on a one-trial learning task in which their opportunity to learn the location of a buried nut was in the presence of a conspecific, a mobile heterospecific (a pigeon) or a static, neutral stimulus (a potted plant). Grey squirrels use spatial memory to relocate their caches (Jacobs & Liman 1991) but, like other mammals, can also use olfactory cues which allows them to uncover caches made by others as well as their own (MacDonald 1995; 1997; Reichman 1981; Vander Wall 1998; 2000; Vander Wall & Jenkins 2003). MacDonald (1997) found that wild squirrels had a recovery accuracy of at least 5cm, only tending to dig up decoy nuts if they were buried within 5cm of the nut they had originally been trained to recover (10cm on one occasion). This suggests that squirrels use spatial memory to relocate the vicinity of stored food but then use olfaction to pin-point its location before starting to dig; the use of food-centred cues such as odour should reduce demands on memory. 

In experiment 6, 10 captive squirrels were trained and tested on a one-trial learning task to test the effectiveness of the procedure. Squirrels were tested on their ability to learn and recall the location of a ‘cache’ in trials where olfactory cues from the food were either present or absent. The use of experimenter-made rather than subject-made caches has the advantage of allowing control over where and how much food is stored for each individual but, one important difference between artificial cache tasks and natural caching events is that subjects must learn to return to a site they have previously visited and depleted as opposed to returning to a site where they have deposited food. Many studies have found that scatter-hoarders can learn to return to re-baited sites from where they have previously removed food (Clayton & Krebs 1994; MacDonald 1995; 1997), cached food or only seen it (Shettleworth & Krebs 1986) and so, at the least, using experimenter-made caches can be thought of as testing spatial memory in a cache-related setting. 

In experiment 7, eight of the squirrels went on to search for buried nuts in the presence of a conspecific, a non-competing heterospecific or a neutral stimulus and then, their ability to recover the nut, for which they could use both memory and olfaction, was tested in private. Experiment 8 investigated the role of motivation when the observer was present or absent by testing squirrels’ accuracy in recovering a buried nut that was marked with a visual cue, and in experiment 9 the extent to which squirrels used olfaction and memory to recover the buried nuts was examined by comparing their performance when olfactory cues from the nut were available with when there were no olfactory cues.
6.2
General Methods

Eleven of the captive squirrels were used in this study; three wild-caught squirrels, SM, DR and LF and two captive-raised squirrels CD and BY were tested in November 2006, and six captive- raised squirrels DE, MO, IT, SC, RK, NV were tested between September 2007 and March 2008. Details of their housing and training are described in chapter 2. They were tested on five days per week; the captive – raised squirrels were tested at times between 9:00 and 11:00, and the wild-caught ones between 11:00 and 13:00 or 16:00 and 19:00. 

Apparatus

Gardener’s seedling trays were used during all four experiments. These are plastic rectangular trays containing 84 cells (each cell is 3.5(length) x 3.5 (width) x 5.5(depth) cm), in a 7 x 12 arrangement. The cells were filled with potting compost and the trays were placed in the left half of the test cage. Nuts were buried in the cells by the experimenter wearing plastic gloves and using a stick to scrape compost out of one cell and push it back so that the nut was buried approximately 1cm below the surface.  Squirrels searched for the nuts, dug them up and ate them (details described separately for each experiment; figure 6.2.1 shows an example of how trays were set up for trials in experiment 7). All trials were filmed by either a camera fastened to the central wall of the test cage, and protected by a metal box or a digital video camera on a tripod set up outside the cage. 
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Figure 6.2.1 
Plan of the squirrels’ housing and test room. Black lines represent solid walls and grey lines represent metal mesh walls. The plan shows the test room set up for experiment 7 with the stimulus cage (containing a pigeon, plant or squirrel during the learning phase) in the right hand side of the test cage and the four trays with a nut buried in one of them in the left hand side. In experiments 6, 8 and 9 a single tray was used. This was placed on the platform for five of the squirrels in experiment 1 and was placed in the centre of the left side of the test cage for all other tests (see ‘experiment 6 methods’).
Analyses
All trials were scored from the film. The order of cells searched was mapped on paper onto 7x12 grids (representing the trays) for each phase of each trial. The squirrels searched for the nuts by sniffing the compost in a cell and sometimes digging with their forepaws, presumably if they thought they had detected a nut. Therefore a cell was recorded as ‘searched' if the squirrel put its nose <1cm from the compost (usually touching) or moved the compost with its forepaws whilst sitting or standing still. The precise data collected varied between experiments and are described separately under each experiment. Repeated measure ANOVA and the non-parametric Friedman’s ANOVA were used for the analyses as indicated, and all analyses were carried out using SPSS v.14.

6.3
Experiment 6: A test of one-trial learning

Method

Pre-training

Ten squirrels were tested and had all participated in previous experiments in the laboratory (see table 2.1.1, chapter 2 for details). For the first group of five squirrels (including the three wild squirrels), one tray was attached to the platform above the door in the test cage; for the others the tray was placed on the floor because these squirrels would not jump onto the platform to get into the test cage if the tray was there (see figure 6.2.1). For the first trial for each squirrel, the tray was prepared with small pieces of walnut (~1/12 of a whole nut) on top of the compost in five cells, partially pushed into the compost in ten cells and completely buried in the remaining cells. Individual squirrels were given access to the tray in the test cage to dig in the compost to obtain the nuts until they had found them all or for a maximum of two hours. 

The next day, a piece of nut was completely buried in each of the cells and individual squirrels searched for up to two hours. Squirrels searched most consistently during the first twenty minutes of entering the cage and then continued to search in short bouts over the two hours. Twenty minutes was therefore chosen as the maximum search time allowed during the training and test trials. 

Training on one-trial learning

Each trial consisted of two phases: a learning phase and a recall phase. In the learning phase, the plug tray was set up with a piece of nut buried in each of 10 cells, randomly assigned by lottery for each squirrel; strips of paper were numbered 1 to 84, corresponding to each of the 84 cells in the trays. The strips were mixed together in a box, one strip was picked out at random and the nut was buried in the cell with the corresponding number. This was repeated 10 times. If the chosen cell was adjoined to a nut cell that was already adjoining a nut cell, a new number was picked out. Individual squirrels were then allowed to enter the test cage to dig in the cells and eat the nuts for up to 20 minutes (learning phase). 

The squirrel was then allowed back into its home cage room. The tray was removed, and the recall phase tray set up with nuts in the same locations as at the beginning of the learning phase. The tray for the recall phase was the same tray but rotated 180o and the surface of the compost smoothed over, a different tray into which the compost from the first tray was placed after being mixed up, or a different tray with fresh compost. Re-using some of the compost between phases ensured that familiar odours remained in the test room and provided some continuity between the learning and recall phases of each trial, but mixing the compost and rotating the trays ensured that squirrels could not use odour cues left during the learning phase to find the nut in the recall phase. The different types of recall tray used were varied across trials and between squirrels; all squirrels were presented with each type at least once out of every 4 trials. After a 10 minute interval, the squirrel was allowed to return to the test cage and search the tray again (recall phase). 

Two squirrels were tested on up to three trials every day for seven days but they showed no evidence of learning. The squirrels only had to search just over eight cells on average before finding a nut and the size of the tray meant that searching the whole tray remained an efficient strategy in both the learning and recall phases, so this method was abandoned. After a five day interval, testing recommenced but with a pistachio nut (highly preferred nut) buried in just one cell. Each squirrel was trained until they searched fewer cells in the recall phase than in the learning phase on at least 8 out of 10 consecutive trials. Each squirrel was given as many trials as they would willingly complete each day, up to a maximum of three trials. All squirrels therefore had two or three trials a day and had completed the training phase within four or five days. 

Testing on one-trial learning

After training, each squirrel was tested for a further five trials, two or three trials per day. In these trials there was no nut buried in any of the cells during the recall phase so squirrels could not relocate the correct cell by detecting odour from the food.

Data collection and analyses

For pre-training, the number of nuts dug up by each squirrel on day 1 and day 2 was recorded. For the training and testing trials, the mean number of cells searched was calculated for each squirrel in the learning and recall phases of the last ten training trials and of the test trials. To take account of the two parts of the cache-recovery process (involving memory and olfaction, as described by MacDonald, 1997)  the analysis on the number of cells searched was carried out in two parts: i) long-range: the number of cells searched between the first cell and the nut cell (or correct cell in the test trials) or a cell adjacent to it (this covered an area where all points were at least 7cm away from the nut, making it unlikely that squirrels could detect odour from it ) and ii) short-range: the number of cells searched between searching a cell adjacent to the nut cell and searching the nut cell (or correct cell in the test trials)  (if the first cell searched within short-range contained the nut, this was 0). Repeated measures ANOVA was used to compare days (pre-training) or phases (training and testing).

Results and Discussion

Pre-training

All squirrels quickly learned to dig in the cells and found between 20 and 50 nut pieces in two hours of searching. They found as many when all nuts were hidden (day 2 mean ± S.E. = 30.9 ± 7.95) as when some were visible (day 1 mean ± S.E. = 33.6 ± 8.44) (F 1,9 = 1.99, p = 0.19).

Training and Testing

Nine squirrels reached the training criterion i.e. at least 8 out of 10 trials in which they searched fewer cells in the recall than in the learning phase within 10 trials. The tenth squirrel (one of the captive-raised females) reached criterion in 14 trials; in her first four trials she came across the nut after looking in very few cells in the learning phases (10,14,7 and 6)  and so it was difficult for her to search fewer in the recall phases. The other squirrels searched over fifteen (and usually over twenty) cells in at least two of their first four trials. All squirrels found the nut very quickly (training trials: learning mean ± S.E = 31.13 ± 10.67 secs; recall mean ± S.E = 15.62 ± 7.37 secs; test trials: learning mean ± S.E = 26.64 ± 16.18 secs; recall mean ± S.E = 8.68 ± 2.79 secs).
Effect of recall tray type
To test whether using different types of recall tray (i.e. fresh compost and tray, the compost mixed up and placed in a new tray or the learning tray rotated 180o) had any effect on performance repeated measure ANOVAs were carried out on the mean number of cells searched within long and short-range of the nut in the recall phases of training trials and, the number of cells searched within long and short-range of the correct cell in the recall phase of the first presentation of each type of tray in the test trials (this was used because there were only 5 test trials so only means for 2 types of tray could have been obtained). There was no significant effect of tray type on the mean number of cells searched in the training trials in long-range (mean rotated ± S.E. = 6.8 ± 0.97; mean mixed ± S.E. = 8.75 ± 1.39; mean fresh ± S.E. = 7.85 ± 1.21; F 2, 18 = 0.948, p = 0.406) or short-range of the nut (mean rotated ± S.E. = 2.93 ± 0.84; mean mixed ± S.E. = 2.0 ± 0.51; mean fresh ± S.E. = 3.74 + 0.82; F 2,18 = 1.21, p = 0.32). There was no significant effect of tray type on the number of cells searched in the test trials in long-range (mean rotated ± S.E. = 6.3 ± 1.86; mean mixed ± S.E. = 7.7 ± 1.69; mean fresh ± S.E. = 10.0 ± 1.7; F 2, 18 = 1.09, p = 0.36) or short-range of the correct cell (mean rotated ± S.E. = 1.5 ± 0.43; mean mixed ± S.E. = 1.7 ± 0.42; mean fresh ± S.E. = 1.1 ± 0.1; F 2, 18 = 0.597, p = 0.56).

Number of cells searched 

During training trials squirrels searched fewer cells in long-range of the nut cell in the recall phase than in the learning phase (F 1,9 = 27.07, p = 0.001)(fig 6.3.1). This was also the case during test trials (F 1,9 = 31.56, p < 0.0001). During training trials, squirrels searched fewer cells in short-range of the nut cell in the recall phase than in the learning phase (F 1,9 = 14.63, p = 0.004). This was also the case in the test trials (F 1,9  = 9.97, p = 0.012).
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Figure 6.3.1
 The mean number of cells (±S.E.) searched within a) long-range and b) short-range of the nut cell in the learning and recall phases of the training trials and of the correct cell in the test trials of experiment 6.

Squirrels searched the nut or correct cell after searching fewer cells in the recall phases than in the learning phases, indicating that they learned to use the location of the nut in the learning phase to predict its location in the recall phase. Alternative explanations for the squirrels’ performance seem unlikely. They could not have relied solely on olfaction because cues from the buried nut were equally available in the learning and recall phases of the training trials and olfactory cues left during the learning phase could not be used in the recall phase because the tray was replaced or rotated unpredictably; the type of recall tray used, fresh or reused compost, did not affect performance. Also, the squirrels continued to search the correct cell sooner in the recall phase than the learning phase during the test trials when there was no nut available. 

The squirrels could not have used a simple rule of returning to the last place they visited in the learning phase because, after eating the nut, they continued to sniff cells as they left the tray for several seconds before leaving the test cage. This is consistent with MacDonald’s (1997) finding that wild squirrels did not show any evidence of systematic movement for recovering caches because the order in which they retrieved nuts from a cluster of artificial caches varied between trials.

The results of experiment 6 indicate that, using this procedure, grey squirrels can learn the location of a buried nut in both the presence and absence of olfactory cues from the nut.  

6.4
Experiment 7: The effect of social condition on one-trial learning

Method
Eight of the squirrels from experiment 6 were used in experiment 7. (Two of the wild squirrels, that were caged together, stopped using the tunnel regularly and so it was not practical to test them). To make the task more demanding, four plug trays were used rather than the single tray used in experiment 6. The four trays were placed in a 2 x 2 formation on the floor in the left half of the test cage and were filled with compost (fig 6.2.1). A pistachio nut was buried in one cell, chosen at random by lottery as described under experiment 6. The location of the nut was different in each trial for each squirrel and was not on the same tray for more than two consecutive trials.

In the other half of the test cage a small cage (50 x 50 x 50cm) was placed on the floor in the centre. This ‘stimulus cage’ contained one of the squirrels (conspecific condition), a potted plant (spider plant, Chlorophytum comosum; neutral condition) or a white pigeon (Columba livia; heterospecific condition). To get the stimulus squirrel into the small cage, the squirrel’s cage mate was shut into the tunnel or test room. The small cage was placed  inside the home cage, close to the experimenter’s door, with the door left open and with a piece of favourite food (pecan, celery with peanut butter or banana) inside. As soon as the squirrel entered the small cage the door was closed. The ‘stimulus squirrel’ was the cage mate of the squirrel being tested, except in the case of the wild squirrel where no cage mate was available so one of the captive-raised squirrels was used instead. The wild squirrel had seen the captive-raised stimulus squirrel before in the test room but had never had physical contact with her. No obvious differences between the behaviour of the wild squirrel and other squirrels were observed.
The stimulus pigeon was one from a group kept in the laboratory for other experiments and was readily caught and placed in the small cage by the experimenter or a technician.

A pot of water and a pot of food were available to the squirrel and pigeon whilst they were in the cage and the pots remained attached to the cage during the plant condition. 

Procedure
The squirrel to be tested waited in the tunnel in the home cage room whilst the apparatus were set up. Squirrels from the single home cage room entered the tunnel via the test room and the other squirrels entered from their home cages. The four trays were placed on the floor in the left half of the test cage and the stimulus cage (containing a squirrel, a plant or a pigeon) was placed in the other half of the cage. A video camera was set up out side the cage containing the trays and used to record the trials. 

The tunnel door was opened briefly to allow the test squirrel to enter the test room and search the trays until it found and ate the nut (learning phase). The tunnel door was then reopened to allow the squirrel to return to the tunnel and was then closed. The stimulus cage was removed from the test room and kept in the relevant squirrel or pigeon home room or the corridor (plant) for the next trial. Each tray was either replaced with a fresh pre-prepared tray or the compost was mixed up and replaced and the trays were returned to the test cage floor turned through 180o and /or in a different one of the four locations. The type of recall trays was selected randomly between trials and squirrels. A nut was buried in the cell in the same location as in the learning phase. An identical, but empty, stimulus cage was placed in the other half of the test cage. After 10 minutes, the test squirrel was allowed to return to the test room and search for and eat the nut (recall phase).

Squirrels were given three trials in the same condition each day. This was more practical than presenting each condition once a day because it minimised the number of times squirrels and pigeons had to be moved in and out of the stimulus cage. After the learning phase of the third trial, the stimulus squirrel or pigeon was released back into its home cage. 

Squirrels were tested twice in each condition; they were tested on each condition once in a random order and then tested again in a different order (a total of six trials per condition). There were 24 hours between conditions (and a weekend , at least 72 hours between the two blocks of 3 conditions) during which squirrels were able to carry out other food related activities (eating, caching) which made it unlikely that carry-over effects would occur between conditions.

Analyses

Data were obtained from the film and mean values were obtained for each squirrel in each condition in the learning phase and the recall phase for the following variables: the proportion, in time, of each phase in each condition spent facing away from the stimulus cage whilst searching (when their nose was in the 90o farthest from the stimulus cage; arcsine square root transformed), the time spent not searching (vigilance and grooming) (after at least two seconds of searching had occurred), and the number of cells searched before finding the nut, broken down into long-range and short-range cells as in experiment 6. Repeated measure ANOVA was used for analyses, except where otherwise indicated. 

Results and Discussion

Number of cells searched

Squirrels searched fewer cells in long range of the nut in the recall phase than the learning phase (learning mean ± S.E = 27.20 ± 2.99; recall mean ± S.E = 11.29 ± 1.61; F 1, 7 = 38.54, p < 0.0001). There was no significant difference between conditions (squirrel mean ± S.E = 20.09± 2.94; pigeon mean ± S.E = 19.44 ± 2.05; plant mean ± S.E = 18.21 ± 1.57; F 2, 14 = 0.64, p = 0.54) and no significant condition by phase interaction (F 2, 14 = 0.15, p = 0.87) (fig 6.4.1).
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Figure 6.4.1
The mean number of cells (± S.E.) searched within a) long-range and b) short-range of the nut cell in each of the three conditions in experiment 7.

Squirrels searched fewer cells in short-range of the nut cell before finding the nut in the recall phase than in the learning phase (learning phase mean ± S.E =  4.29 ± 0.56; recall phase mean ± S.E = 2.03 ± 0.06; F 1,7 = 17.56, p = 0.004) and there was a significant difference between conditions (squirrel mean ± S.E = 2.30 ± 0.28; pigeon mean ± S.E = 3.65 ± 0.47; plant mean = 3.53 ± 0.48; F 2,14 = 4.08, p = 0.04) but no significant condition by phase interaction (F 2,14 = 1.50, p = 0.26) (fig 6.4.1). To further analyse the effect of condition, separate ANOVAs were carried out on the learning and recall phases There were no significant differences between conditions within the learning phase (F 2,14 = 0.15, p = 0.86). In the recall phase, there was a significant difference between conditions (F 2,14 = 59.33, p < 0.0001). Squirrels searched in fewer cells in the squirrel condition than the pigeon condition (F 1,7 = 99.49, p < 0.0001) and than in the plant condition (F 1,7 = 85.78, p < 0.0001) but there was no significant difference between the pigeon and plant conditions (F 1,7 = 0.03, p = 0.86).

The difference in the number of cells searched between phases suggests that, like in experiment 6, squirrels successfully learned the location of the nut, but here, since the correct cell always contained a nut, the accuracy with which they learned the location (as opposed to remembering the general area and then searching for olfactory cues) cannot be confirmed (but see experiment 9).
 One explanation for the squirrels searching fewer cells in short-range of the nut in the conspecific condition is that squirrels were simply more motivated to recover the nut when a potential competitor had been in the room than when non-competitors had been present. If a change in their general motivation to dig for nuts was responsible, it might be expected that the number of cells searched within long-range of the nut cell would be smaller in the conspecific condition than in the other conditions but this was not the case; squirrels chose the shortest route across the trays to the vicinity of the nut in the recall phase of all three conditions. General changes in motivation therefore seem an unlikely explanation for the results although it remains possible that the presence of another squirrel motivated the test squirrels to dig up the nut as soon as it came within short range of it, whilst after learning in the presence of a pigeon or plant, the squirrel searched other cells in the vicinity, possibly checking for odour cues before digging up the nut.
Time spent not searching

Squirrels spent more time on activities other than searching (i.e. vigilance and grooming) during the learning phase than the recall phase (learning phase mean ± S.E = 4.38 ± 0.59 secs; recall phase mean ± S.E = 2.23 ± 0.19 secs; F 1,7 = 10.99, p = 0.013). There was no significant difference between conditions (squirrel mean ± S.E = 3.13 ± 0.63 secs; pigeon mean ± S.E = 2.93 ± 0.36 secs; plant mean ± S.E = 3.67 ± 0.70 secs; F 2, 14 = 0.36, p = 0.70) and no significant condition by phase interaction (squirrel condition: learning phase mean ± S.E =  4.15 ± 0.84 secs; recall phase mean ± S.E = 2.48 ± 0.58 secs; plant condition: learning phase mean ± S.E = 3.90 ± 0.67 secs; recall phase mean ± S.E  = 1.96 ± 0.25 secs; plant condition: learning phase mean ± S.E = 5.08 ± 1.3 secs; recall phase mean ± S.E = 2.25 ± 0.24 secs; F 2, 14 = 0.58, p = 0.57).These results suggest that squirrels engaged in activities other than searching for longer when something was in the stimulus cage (learning phase) than when it was empty (recall phase) or that they were more motivated to engage in searching when they knew where the nut was (recall phase). Importantly, the lack of a difference between conditions gives further support to the suggestion that the presence of a potential competitor (a conspecific) did not increase the focal squirrels’ general motivation to find the nut relative to the presence of other stimuli. It also suggests that it is unlikely that squirrels were made particularly anxious by the presence of any of the stimuli or that any of the stimuli were more aversive than the others. It might be expected that greater aversiveness or anxiety would lead to an increase in the time squirrels spent on other activities such as vigilance. 

Direction faced whilst searching 

There was a significant difference in the duration of the learning and recall phases (learning phase mean ± S.E. = 44.24 ± 5.52 secs; recall phase mean ± S.E. = 15.6 ± 1.76 secs; F 1,7 = 24.27, p = 0.002) and so the proportion of time spent facing away from the stimulus cage was analyzed separately for the learning and recall phases. In the learning phase, there was a significant difference between conditions (F 2,14 = 8.65, p = 0.004) ( fig 6.4.2). Squirrels spent a significantly greater proportion of time facing away from the squirrel than the pigeon (F 1, 7 = 22.82, p = 0.002) and the plant (F 1, 7 = 8.07, p = 0.03) but there was no significant difference between the pigeon and plant conditions (F 1, 7 = 1.22, p = 0.31).

There was no significant difference between conditions in the recall phase (F 2, 14 = 1.96, p = 0.177) (fig 6.4.2). 

Direction faced whilst digging up the nut 

As there were only six trials per condition, the non-parametric test, Freidman’s ANOVA was used to compare the number of trials in which the squirrel faced away from the stimulus cage whilst digging up the nut. In the learning phase, there was a significant difference between conditions (χ 2 2 = 6.2, p = 0.045, N=8) with squirrels looking away more often in the squirrel condition than the pigeon and plant conditions. There was no difference between conditions in the recall phase (χ 2 2 = 1.04, P = 0.59, N=8) (fig 6.4.3). 

The fact that squirrels tended to turn away from other squirrels but not from the pigeon or plant in the learning phase, both when searching for and digging up the nut suggests that squirrels changed their behaviour only when a potential competitor was present, that is, when having exact and possibly exclusive knowledge of the location of the buried nut would be advantageous. In previous field work we found that squirrels caching in the wild also oriented away from conspecifics when digging but not from heterospecifics (magpies and crows) (Leaver et al. 2007). When making caches, turning away from other squirrels could serve to make it more difficult for the other squirrels to see exactly where food is being buried, but in the current experiment the squirrels did not have ownership of the caches; the one-trial learning task simulates the memory and recovery components of caching. This suggests that the egocentric explanation is more likely i.e. that squirrels turn their backs on conspecifics primarily to focus their attention on searching for and learning the location of the ‘cache’ rather than to prevent the conspecific observing the location of the buried food.
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Figure 6.4.2 
The mean search time (± S.E.) (secs) spent facing away from the stimulus cage shown in relation to the mean total search time (± S.E.) (secs) during the learning and recall phases of each condition in experiment 7.
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Figure 6.4.3 
The mode (± min/max) number of trials in which squirrels faced away from the stimulus cage when digging up the nut in experiment 7.

It is interesting to note that the familiarity of the stimulus squirrel did not seem to be important because the singly housed wild squirrel for which the stimulus squirrel was one housed in a different room did not show any obvious differences in its behaviour or performance to the other squirrels that were all housed in pairs and tested with their cage mate. This may also indicate that the social housing conditions had little effect on their performance, although further experiments are needed to test this.

The results of experiment 7 show that squirrels performed more accurately once within short-range of the nut (where they are expected to be able to utilise olfactory cues) in the conspecific condition than in the other conditions. Changes in their motivation to recover the nut when a potential competitor had been present may have affected their performance but, if so, it is interesting that they did not show any difference between conditions in how many cells they searched within long-range of the nut or how much time they spent engaged in activities other than searching. The question of motivation is investigated further in experiment 8. The possibility that the improved accuracy in the conspecific condition was due to squirrels using olfaction to a lesser extent in the conspecific condition than in the plant and pigeon conditions is investigated in experiment 9.

6.5
Experiment 8: The effect of social condition in a search task with a visual cue
Six captive-raised squirrels were given six trials in which the nut-containing cell was visually marked with a red border so that they did not have to remember its location. If the result found in experiment 7 was due to differences in motivation, squirrels should continue to search fewer cells to find the nut following the presence of a squirrel than of a potted plant.

Method
Five of the captive-raised squirrels used in experiment 7 and one other were used. The extra squirrel had some experience of the trays, equivalent to the training trials in experiment 6, during the time he was being trained to enter the test room via the tunnel, but the trials were not filmed and so could not be analysed.

Procedure

The apparatus were as described in experiment 1 except that a frame (approx 5 x 5cm) made of red card was stuck onto the surface of the tray so that it surrounded the nut-containing cell. The frame was attached with blu-tak™ so that it could be moved to a different cell on each trial. Each test squirrel was given six trials; in one session the test squirrel was given three trials with a squirrel present in a ‘stimulus cage’ in the right side of the test cage during the learning phase and in one session, three trials with a potted plant in the stimulus cage. The stimulus squirrel was the test squirrel’s cage mate for all squirrels. The order of sessions was varied between squirrels. The pigeon condition was not used in experiment 8 because there was no difference in the number of cells searched between the plant and pigeon conditions in experiment 7. As in experiment 7, the holding cage was always empty during the recall phase. 

It should be noted that the ‘learning phase’ and ‘recall phase’ in this experiment are not exactly equivalent to those in experiments 6 and 7 because here the squirrels do not necessarily need to learn or recall the position of the nut which is visibly marked in both phases. The same terminology is being used for simplicity. 

Analyses 

Repeated measure ANOVA was used to compare learning and recall phases within each condition for each of the following variables: mean number of cells searched in long-range of the nut; mean number of cells searched in short-range of the nut and the mean proportion of search time facing away from the stimulus cage (arcsine square root transformed).

Results and Discussion

Number of cells searched

The number of cells searched within long-range of the nut differed significantly between phases, with squirrels searching in fewer cells in the recall phase (mean ± S.E. = 5.5 ± 0.46) than in the learning phase (mean ± S.E. = 8.56 ± 1.23) (F 1,5 = 7.69, p = 0.039). The number of long-range cells searched did not differ significantly between conditions (squirrel mean ± S.E. = 7.75 ± 0.99; plant mean ± S.E. = 6.31 ± 0.82; F 1,5  = 1.97, p = 0.22) and there was no significant condition by phase interaction (squirrel condition: learning phase mean ± S.E. = 9.17 ± 1.78; recall phase mean ± S.E. =  6.33 ± 1.03; plant condition: learning phase mean ± S.E. = 7.94 ± 1.40; recall phase mean = 4.67 ± 0.50; F 1,5  =  0.026, p = 0.88).

The effect of phase on the number of cells searched within short-range of the nut just reached significance, with squirrels searching in fewer cells in the recall phase (mean ± S.E. = 0.97 ± 0.08) than in the learning phase (mean ± S.E. = 1.47 ± 0.20) (F 1,5  = 6.76, p = 0.05). There was no significant difference between conditions (squirrel mean ± S.E. = 1.33 ± 0.21; plant mean ± S.E. = 1.11 ± 0.08; F 1,5  = 1.04, p = 0.36) and no significant condition by phase interaction (squirrel condition: learning phase mean ± S.E. = 1.61 ± 0.32; recall phase mean ± S.E = 1.06 ± 0.13; plant condition: learning phase mean = 1.33 ± 0.17; recall phase mean ± S.E  = 0.89 ± 0.07: F 1,5  =  0.25, p = 0.64).

The significant effect of phase on the number of long-range cells searched suggests that the squirrels had again learned about the general location of the nut or marker during the learning phase; the effect on the number of short-range cells searched is consistent with the squirrels being more motivated to recover the nut when they had had previous experience of finding it in the marked cell. Interestingly, the results suggest that the squirrels’ general motivation to recover the nut was not differently affected by the presence of the conspecific or the plant because the test squirrels showed no difference in the number of cells they searched between the two conditions. If differences in motivation were responsible for the more accurate performance of squirrels in the conspecific condition of experiment 7, the effect must be specific to tasks involving hidden food and dependent on memory. 

Direction faced whilst searching

The proportion of time searching whilst facing away from the stimulus cage did not differ between conditions in the learning phase (squirrel mean ± S.E. = 0.2 ± 0.24; plant mean ± S.E. = 0.16 ± 0.14; F 1,5 = 0.50, p = 0.51) or the recall phase (squirrel mean ± S.E.  = 0.16 ± 0.24; plant mean ± S.E. = 0.16 ± 0.23; F 1, 5 = 0.11, p = 0.75). This suggests that squirrels only turn away from conspecifics when the task involves an unmarked location and the squirrels must learn about it, or when the focal squirrel has access to information that can be hidden from onlookers.

6.6
Experiment 9: The use of memory and olfaction in one-trial learning

To investigate whether squirrels might be using olfaction and memory to differing extents in the conspecific and heterospecific conditions, the squirrels’ searching behaviour when odour from the nut was present was compared with when food odours were absent.

Method
The six squirrels used in experiment 8 were tested.

Procedure
The procedure was as described for experiment 8 except that there was no visual marker around the nut cell, and a different tray with fresh compost was always used in each phase. Each squirrel was given 6 trials in each condition (conspecific and plant). In 3 trials for each condition, a nut was buried in the same cell in the learning and recall phase (nut trials) but for the remaining three trials, there was no nut present in the recall phase (no nut trials). The order of conditions and trial type was varied between squirrels.

Analyses

If squirrels use olfaction to a greater extent when potential competitors are absent than when they are present, the effect of having no nut and therefore no olfactory cues in the recall phase should be greater in the plant condition than in the squirrel condition. Therefore repeated measure ANOVAs were used to compare the mean number of cells searched in long-range and the mean number of cells searched in short-range of the correct cell in the recall phase between conditions and ‘nut type’ trials. Learning phases were also compared between conditions. The mean proportion of search time (arcsine square root transformed) spent facing away from the stimulus cage was compared across conditions within each phase. 

Results and Discussion

Number of cells searched

In the learning phase there was no significant difference between conditions in the number of cells searched in long-range of the nut cell ( squirrel mean ± S.E = 12.36 ± 0.77; plant mean ± S.E. = 12.47 ± 0.80; F 1,5 = 0.015, p = 0.91), no effect of the nut trial type (nut trial mean ± S.E  = 11.25 ± 0.34; no nut trial mean ± S.E = 13.58 ± S.E = 1.19; F 1,5 = 3.57, p = 0.12) and no significant condition by nut interaction (nut trials: squirrel mean ± S.E. = 11.61 ± 2.91; plant mean ± S.E. = 10.89 ± 2.61; no nut trials squirrel mean ± S.E. = 13.11 ± 5.03; plant mean ± S.E. = 14.06 ± 2.03; F 1,5 = 0.218, p = 0.66 ). 

In the recall phase there was no significant difference between conditions in the number of cells searched in long-range of the ‘nut cell’ (squirrel mean ± S.E. = 4.54 ± 0.40; plant mean ± S.E. = 4.97 ± 0.62;F 1,5 =0.39, p = 0.56), no effect of the presence or absence of the nut (nut trial mean ± S.E. = 4.28 ± 0.45; no nut trial mean = 5.23 ± 0.43; F 1,5 =5.54, p = 0.065) and no significant condition by nut interaction (nut trials: squirrel mean ± S.E. =3.89 ± 1.07; plant mean ± S.E. =4.67 ± 1.70; no nut trials squirrel mean ± S.E. =5.55 ± 1.73; plant mean ± S.E. =5.44 ± 1.92; F 1,5 = 0.30, p = 0.61 ).


In the learning phase, there was no significant difference in the number of cells searched within short-range of the correct cell between conditions (squirrel mean ± S.E. = 2.39 ± 0.27; plant mean = 2.56 ± 0.29; F 1,5 = 1.36, p = 0.30), or nut trial types (nut trial mean ± S.E. =2.39 ± 0.32; no nut trial mean = 2.56 ± S.E. = 0.32; F 1,5 = 0.25, p = 0.64) and no significant condition by nut interaction(F 1,5 =0.08, p = 0.79) (fig 6.6.1). 

In the recall phase, there was a significant difference between conditions in the number of short-range cells searched, with squirrels searching fewer in the squirrel condition than the plant condition (squirrel mean ± S.E. = 0.67 ± 0.11; plant mean ± S.E. = 1.54 ± 0.12; F 1,5 = 20.68, p = 0.006).There was no significant effect of nut trial type (nut trial mean ± S.E. = 0.83 ± 0.12; no nut trial mean ± S.E. = 1.36 ± 0.14; F 1,5 = 5.76, p = 0.06) but there was a significant condition by nut trial interaction, with squirrels searching relatively more cells in the no nut trials than the nut trials of the plant condition than the squirrel condition (F 1,5 = 9.31, p = 0.03)(fig 6.6.1).
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Figure 6.6.1
 The mean number of cells searched (± S.E) within short-range of the nut cell in the a) squirrel condition and b) plant condition during the ‘nut’ and ‘no nut’ trials in experiment 9.

As in experiment 7, there was no difference between conditions in performance during the learning phase but in the recall phase squirrels performed more accurately when in short-range of the nut cell when another squirrel had been present than when a plant had been present. As the absence of the nut in the recall phase had no significant effects on the number of cells searched in long-range of the correct cell, this supports the idea that at greater distances, squirrels use memory to recall the correct location or at least the general area of the correct location rather than use olfactory cues. In short-range of the correct cell, the absence of the nut disrupted the squirrels’ performance to a greater extent in the plant condition than in the squirrel condition suggesting that squirrels did use olfaction to a greater extent when no competitor had been present.

Direction faced whilst searching

During the learning phase, squirrels spent a greater proportion of time facing away from the stimulus cage when there was a squirrel in it than when there was a plant in it

(squirrel mean proportion ± S.E. = 0.22 ± 0.1; plant mean proportion ± S.E = 0.12 ± 0.04; F 1,5  = 12.64, p = 0.016). There was no significant difference between conditions in the recall phase (squirrel mean proportion ± S.E. = 0.026 ±0.02; plant mean proportion ± S.E = 0.03 ± 0.04; F 1,5   = 0.00, p = 1). This indicates that squirrels had not simply stopped turning their backs to conspecifics in experiment 8 because they had become habituated to their presence, but that the strategy is specific to tasks that involve memory for the location of hidden food and to the presence of conspecifics rather than a neutral stimulus.

General Discussion
The results of these experiments show that the presence of a conspecific, but not a non-competing heterospecific or neutral stimulus, affects grey squirrels’ behaviour when searching for buried food and when relocating it after an interval. Squirrels were more accurate in recovering the nut once within short-range of it when a competitor had been present than when non-competitors had been present.

The results of experiment 8 suggest that the presence of another squirrel did not affect the general tendency of the test squirrels to dig up the nut any differently than the presence of a neutral stimulus, the plant. Instead, the results of experiment 9 suggest that when a potential competitor (another squirrel) had been present, squirrels used olfaction to a lesser extent to recover the nut in the recall phase than when a non-competitor had been present since the absence of the nut disrupted the squirrels’ performance in the plant condition of experiment 9 to a greater extent than in the squirrel condition. The lack of a significant difference between conditions in the number of cells the squirrels searched in long-range of the nut suggests that they were able to recall the general area of the nut equally well in all conditions but then differed in how they relocated the nut within that restricted area. It is not possible to tell whether squirrels encoded the nut’s location more accurately in the conspecific condition or, perhaps more likely, were more prepared to use their memory in the recall phase of the squirrel condition than in the plant condition. The use of memory rather than olfaction should allow faster and more accurate recovery of the nut (MacDonald 1997), which may be important when competitors are present. The caching in private observed in the wild in various species may therefore be beneficial to the hoarder through reducing the accuracy with which the location of the nut must be encoded or recalled to recover it successfully.  

Previous studies suggest that scatter-hoarding mammals use different strategies to relocate hidden food, with the weight given to information from different cues varying according to their availability (Vander Wall 1998; 2000), whether they are in accordance with other cues (Gibbs et al. 2007), the style of apparatus used in the test and even the time of year (Waisman & Jacobs 2008). In a study with kangaroo rats, Barkley and Jacobs (2007) found that the extent to which landmarks were used for ‘cache’ relocation also depended on the sex of the rat, although no obvious differences in the behaviour or performance of male and female squirrels were found in the current study. The results of the current study do indicate that, in grey squirrels, the strategy used to recover caches may vary with social context; when a conspecific had been present, squirrels mainly utilised spatial memory and so performed accurately when in close-range of the nut, but when a heterospecific or neutral stimulus was present they also used olfactory cues. 

Further tests are needed to establish whether this difference in recovery strategy persists over longer retention intervals and how this affects recovery accuracy over time. Studies with captive scrub-jays suggest that caches made in the presence of a conspecific observer are returned to and moved at the first opportunity (Emery & Clayton 2001; Emery et al. 2004), and this should keep the retention interval required for publicly-made caches to a minimum. This has not been tested in mammals, for which olfactory cues play a more prominent role in pilferage (e.g. MacDonald 1997; Vander Wall 2000). This means that moving caches does not protect them against conspecific pilferers to the same extent as for species that do not use olfaction and therefore, rather than move caches around, mammals may simply remain present at their caches for longer in order to physically protect them from conspecifics in the vicinity (see experiment 5; Clarke & Kramer 1994). In one study, however, captive Merriam’s kangaroo rats were found to switch from scatter-hoarding to larder-hoarding, which is less demanding on memory, when they were in the presence of a conspecific that had recently pilfered from them (Preston & Jacobs 2001). 

The strategy of turning away from the other cage whilst searching and digging up the nut was specific to tasks that involved memory and to times when a conspecific was present. The most likely explanation is that this allowed squirrels to focus their attention on searching for the nut, although the behaviour may also have obscured the view of the other squirrel, making them less effective potential competitors. This behaviour should help to reduce the likelihood of pilferage when squirrels are caching in the wild, but in the current experiments, as the squirrels did not make the caches, it is not clear why they would try to conceal information from the stimulus squirrel. 

These results suggest that grey squirrels use different strategies to find and relocate hidden food according to social conditions. Caching in private may be beneficial to food hoarding mammals by not only reducing the likelihood of pilferage, but also by allowing the hoarder to use a less cognitively demanding strategy i.e. memory and olfaction rather than memory alone to recover the food. Further work should investigate how these findings relate to caching in the wild by testing for potential differences between privately and publicly made caches, such as the delay in recovering them.
CHAPTER 7: DISCUSSION

7.1
Conclusions

The aims of this thesis were to determine whether the eastern grey squirrel uses complex social cognitive abilities in relation to its food storing and to investigate whether social cognition is really any different from other forms of cognition. I conducted five studies in the laboratory and the field to examine how squirrels respond to conspecifics when caching or recovering food and can draw the following conclusions:

1) Grey squirrels can learn about the location of hidden food by observing a conspecific, but are more prepared to associate a conspecific taking a nut from a pot with the absence of food than with its presence. In a comparable non-social context, they show no bias in their learning.

2) Grey squirrels do not show understanding of what they see as they did not behave according to the knowledge they should have possessed when required to infer the location of hidden food from visual information. Instead, squirrels consistently use other strategies, involving searching, to find the food.

3) When caching in the wild, grey squirrels respond to other squirrels that are exploiting the same source of food primarily as competitors for the food rather than as potential pilferers but they respond to a decrease in the availability of food by making caches farther from the source, which should minimise the likelihood of  pilferage.

4) When caching away from the food source, wild grey squirrels respond to the presence of a conspecific audience in ways that are consistent with reducing the likelihood of pilferage: they take longer to select a suitable cache site, are more vigilant, abandon more digging attempts and take longer to cover their caches (particularly when storing their preferred nuts) than when they are alone.

5) Grey squirrels respond flexibly to conspecifics according to where they are in relation to the food source, the amount of food available and the type of food available.

6) The way in which squirrels learn the location of and recover buried food is influenced by the presence of a conspecific but not by a heterospecific. Squirrels turned their backs towards conspecifics when searching for the buried food and recovered it more accurately when a conspecific had been present than when a heterospecific had been present. 

7.2
Limitations 

The studies I carried out in this thesis allowed me to test aspects of grey squirrels’ caching behaviour both in the laboratory and in the wild. The greatest difficulty I had in testing the captive squirrels was in trying to use wild-caught squirrels in the laboratory as they did not habituate very well and the fact that they did not readily make caches in the test room meant that my experiments had to be restricted to cache recovery behaviour, using experimenter-made caches. The captive-raised squirrels habituated much more successfully, including readily caching excess food in their home cages and this should make it possible in future to examine how social factors influence their cache making in more detail than is possible in the field. As the squirrels’ housing is necessarily large, sample sizes were small and so I chose to continue with the artificial cache studies in this thesis rather than switch to squirrel-made caches when the captive-raised squirrels were obtained. 

In the field, the difficulties in obtaining evidence that the pilferage avoidance strategies do work places some limitation on the interpretation of the results. For example, I found that squirrels spent longer disguising a cache if other squirrels were in the vicinity but I cannot be sure that this meant that the cache was more likely to be recovered by its owner than by a pilferer; I could not test that the squirrels’ response to conspecifics as competitors rather than pilferers was optimal and resulted in more caches being available to them to recover at a later time. Squirrels make caches over such wide areas and long time spans that it is very difficult to obtain a measure of whether these strategies successfully reduced pilferage and improved their caching success. Some methods for determining pilferage rates have been used in other studies but all have their limitations: Tamura et al. (1999) used cameras to continuously record individual caches and observe which individuals recovered them but were only able to monitor five caches. Daly et al. (1992) provisioned kangaroo rats with dyed oats to cache and checked their faeces to determine which individuals had recovered them, although an exact measure of the number of caches taken by each individual could not be obtained using this method. Vander Wall et al. (2006) allowed individual chipmunks to make caches and then trapped and removed them from the site and compared the rate at which caches were taken with sites where the original storer remained. This method cannot determine exactly which individual took which caches.

7.3
Do squirrels use complex social cognitive abilities in relation to their caching?

In total, the results of the experiments in this thesis provide little evidence that grey squirrels use complex social cognitive abilities in relation to their food storing. The two findings that are consistent with squirrels having and using advanced cognitive skills are that they were able to learn by observing a conspecific and they showed some flexibility in how they responded to other squirrels. There have been anecdotal reports of observational learning of cache locations in scatter-hoarding mammals in the wild (kangaroo rats, Daly et al. 1992; squirrels Steele et al. 2008), but obtaining accurate measures of the extent of this behaviour is difficult because it happens infrequently and there may be long intervals between the time an individual makes an observation and the time it uses that knowledge to pilfer a cache. The result of experiment 1 in this thesis confirms that squirrels can learn by observing conspecifics, and the fact that they learned a logical response after watching a conspecific sooner than an illogical one suggests that they may have been able to interpret the information they observed (but see discussion in 7.4).

 
The results of the field studies show that squirrels respond flexibly to the presence of conspecifics when caching in the wild. The simplest explanation is that the squirrels did this by making an on-going assessment of pilferage risk and competition, as different circumstances arose, with experience improving their ability to make such judgements. It is possible that this explanation relies too much upon an anthropomorphic interpretation of cognition that should not necessarily be applied to animals (Barrett et al. 2007). To achieve such ‘flexibility’ through simple associative learning the squirrels would be required to form a great number of conditional associations but this explanation should not be ruled out.

A third indication that squirrels might have cognitive flexibility in relation to their caching was found in chapter 6. It was the flexibility they showed in their ‘back-turning’ behaviour which seems to be specific to tasks where the focal individual has access to information about the location of hidden food that an audience does not have (i.e. the one-trial learning task in chapter 6 and caching in the wild, Leaver et al. 2007), and to times when the audience is a conspecific and not a non-competing heterospecific. Although turning away from conspecifics may be a way of restricting the other squirrel’s view from exactly where the squirrel is digging and whether they are actually burying or recovering food or simply making ‘exploratory’ digs, the findings in chapter 6 suggest that by orienting away from conspecifics, the focal squirrel derives some advantage from not being able to see the other squirrel. This suggests that turning away is a ‘head in the sand’ strategy, used by the hoarder to remove other squirrels from their view, rather than the result of understanding another’s point of view and attempting to withhold information from them. Turning their back on conspecifics may have prevented the squirrels from becoming distracted from the task of learning the location of the buried food, and allowed them to be able to recall the cache’s location accurately. In experiment 5, I found that wild squirrels spent longer disguising their caches when conspecifics were present than when they were alone, and this too could increase their ability to accurately recover the cache by increasing the length of time they are exposed to its location.

The results of chapter 6 suggest that the strategy squirrels use to recover buried nuts is influenced by the social conditions in which they first learn about the cache’s location. I observed in the field (experiment 5), and it has been reported elsewhere (Spritzer & Brazeau 2003), that squirrels try to move some distance away from conspecifics before caching. This is consistent with making an effort to cache where they will not be distracted and will be able to use both memory and olfaction when the time comes to recover the food, as well as reducing the risk of pilferage by other squirrels that may see the cache being made. 

Squirrels protected their caches from immediate pilferage by conspecifics that were present but the strategies they used in response to social factors did not necessarily give caches long-lasting protection from pilferage. For example, being more vigilant and abandoning digging efforts more frequently could deter others from trying to observe the final location of the cache but did not necessarily lead to the cache being made beyond the area where others were foraging. Taking longer to cover the cache allowed the hoarder to be present at the site for longer to discourage others from approaching immediately but could not prevent them approaching at a later time. Transporting the nuts farther from the nut patch, as I found in experiment 4, should have improved the likelihood of cache survival over the longer term, but squirrels did this in response to the amount of food available rather than in response to social factors. 

It is also interesting that I found little evidence in the field studies that squirrels responded differently to social factors according to their dominance status. The squirrels did not interact with each other very frequently, so it was not possible to rank all squirrels but, I was able to determine the most dominant individuals because they chased all the other identified squirrels at some point during the studies but were never chased away themselves. Although these individuals appeared to be less affected by competition at the food source than the more subordinate squirrels in experiment 4, they were no more likely to make caches in my view and therefore close to the food source than most of the others. In experiment 5, the dominant squirrels changed their behaviour in response to a conspecific audience in the same way as the more subordinate squirrels. These points also suggest that squirrels responded to conspecifics as an immediate pilferage risk rather than as long term potential pilferers. 


The final indication that squirrels responded directly to observables rather than use higher cognitive abilities is that they did not make inferences about the whereabouts of hidden food in experiment 3, even though such a strategy was the most efficient and they did not interpret the non-social information about a nut being removed from one pot in experiment 2.
7.4
Is social cognition a specialized form of cognition?

The results of my studies suggest that grey squirrels, although not a highly social species can learn by observing conspecifics and show some flexibility in their responses to them when caching. Other than this, squirrels showed little evidence of complex cognitive abilities but, the results of experiments 1 and 2 indicate a difference in the way they learned in social and non-social conditions. Squirrels were more prepared to associate a feeding conspecific with the absence of food than with its presence but learned to associate the presence of a cardboard sign equally well with the presence or absence of food. This suggests that such ‘low-level’ social cognition may differ from other forms of cognition only in that animals with a particular ecological need to do so (whether due to their social complexity or other demands such as caching in the case of squirrels) can process social information particularly effectively. The fact that the squirrels did not show any understanding about the state of the pots after one had been emptied in the non-social condition (experiment 2) suggests that they did not necessarily need to interpret the information to respond logically in the social condition in experiment 1. Instead, they were simply more prepared to form one association than another with the conspecific. This does not exclude the possibility that higher social cognition (deception, theory of mind) requires the development of separate, specialized cognitive mechanisms.

7.5
Future directions

The results of the studies in this thesis suggest that squirrels respond flexibly to conspecifics but that their responses are egocentrically driven, that is, their responses are driven from the individual’s own perspective and not through understanding of others’ behaviour or minds. In this way they appear to have rather less sophisticated cognitive abilities to protect their caches than have been found to exist in some corvids. The following section describes potential future research that follows from the experiments in this thesis and that would help determine which ecological factors are most important in the development and use of social cognitive skills by scatter-hoarding animals. 
a)
Social and non-social cognition

A major problem in comparing social and non-social cognition is in matching the familiarity or significance of the different stimuli. The results of experiments 1 and 2 suggest a possible difference between social and non-social learning but further work is needed to determine how much this depends on the social nature of the stimuli per se and how much on the relative familiarity of the squirrels with the two contexts. This might be achieved in a number of ways. The use of heterospecific demonstrators, one whose relationship to food and caches is known by the squirrels (a coexisiting species e.g. crows) and one that is not familiar (e.g. desert rodent) would reveal whether familiarity  of the context is important. 

Another method would be to give subjects prior experience of the non-social stimulus and its relationship to the food i.e. train them to associate the presence of the card flag with the absence of food to make it more comparable to the conspecific demonstrator.  This test might be easier to conduct with a different, more established laboratory species e.g. rats, hamsters, whose housing environment can be controlled more easily.

A further question that arose from experiment 1 was over the importance of the type of information generated by the demonstration. An obvious variation of the experiment would be to allow the demonstrator to make a cache rather than remove the food and test whether the observer squirrels would then learn to choose the same pot as the demonstrator more readily than the opposite one. This was not possible with the wild-caught squirrels in the laboratory as they did not readily make caches but such a test should be possible if more tame squirrels can be obtained. It would also be interesting to compare different species on the same task; a non-caching species (e.g. rat) or a less social species (e.g. Eurasian red squirrel) should not be predisposed to associate the presence of a conspecific at a ‘cache’ with either the presence or absence of food. The work by Templeton (1998) and Darby and Riopelle (1959) suggests that starlings and rhesus monkeys respectively also learn to make the opposite choice to the demonstrator more readily than the same choice but interpreting these experiments is complicated by the fact that the type of information provided by the demonstrator (food absent or food present/taken) differed between observers or trials. 
b)
Responding to the mental states of others

In trying to determine whether squirrels respond to observables or interpret the behaviour or even mental states of conspecifics it is important to separate what they can do and what they actually do. Animals do not necessarily use the same ‘default’ method of solving problems as humans do. For example, in experiment 3 I was surprised that the squirrels did not show evidence of inferring which cup the nut was in but instead, used other, seemingly less efficient, behavioural strategies to find it. Although this is interesting in itself it might be possible to further examine the squirrels’ capabilities by repeating the test with apparatus where the cost of making errors is much higher e.g. by making the cups more difficult to open or, perhaps with electronic equipment, allowing them to open just one cup per trial.

In the last set of experiments I carried out (6-9, chapter 6) I concluded that the most likely reason squirrels turned their backs on conspecifics when searching for buried food (or, from previous field work, when making caches) was to allow them to focus their attention on the task. This explanation does not require squirrels to have any understanding of a conspecific’s knowledge or intentions. However, I cannot totally rule out the possibility that they actually turn away from conspecifics to make it more difficult for those conspecifics to obtain information about the location of the buried food through observation. This explanation would be consistent with squirrels having some understanding of others’ knowledge state, although does not necessarily require it. An experiment that would help clarify the matter would involve modifying the procedure used in experiment 7 to allow the squirrels to learn the location of a buried nut in private and then to test their ability to recall it when another squirrel is in the neighbouring cage. If the squirrels continue to turn away from conspecifics it would suggest that they are responding directly to the presence of the potential competitor but, if they did not turn their backs it would suggest that, as they had already learned the location of the ‘cache’ they no longer needed to focus their attention on the task. 

Another possible experiment would be to place conspecifics either side of the trays containing the buried nut so the test squirrel cannot face away whilst it is searching and compare this to their performance when in private. If turning away allows them to focus more closely on the task, being unable to do so is expected to disrupt their performance. This test would require more space than was available in the laboratory to ensure that the test squirrel would not become stressed through being too close to too many other squirrels.


In the field, obtaining more information about the identity and behaviour of the squirrels in the ‘audience’ to caching events could also provide information about how much squirrels understand about others’ knowledge state and/or intentions. For example if squirrels understand that other squirrels in the vicinity could pose a threat to their caches, they should be more likely to interrupt their caching and spend longer disguising their caches if the ‘audience’ is very close by rather than far away, or if they are actually watching the cacher rather than engaged in other activities. Although I found little evidence that the dominance hierarchy affected their caching, the identity of the audience, in terms of how close they are to their usual home range and their familiarity to the focal squirrel could also affect how much of a pilferage risk they pose and how the focal squirrel responds to them.

c)
Ecological influences on social cognition.

The results of the field studies suggest several points of interest for future investigation. Repeating the field studies at different times of year would be interesting because squirrels’ caching activity peaks during the autumn and winter and caches become less crucial for survival over the spring and summer. Repeating experiment 4 during the winter would determine whether the squirrels’ response to conspecifics (as competitors or pilferers) changes according to their dependence on caches. In experiment 5 I found that the number of times squirrels made ‘exploratory digs’ before finally storing a nut was greater at the site where I made observations in the winter than at the one where I worked during the spring. The squirrels may have been responding to the number of existing caches which forced them to investigate more sites before finding a suitable one or they may simply have increased their caching effort because selecting the best possible site is more important in the winter. This could be investigated by making the density of existing caches artificially high during the summer and the winter at one site and comparing the number of exploratory digs squirrels make there with the number of digs at a site with a naturally determined number of existing caches. If exploratory digs are higher at the modified site it would suggest that they respond to the existing caches; if exploratory digs increase in the winter at both sites, it would suggest that the time of year influences their caching effort. 

A further useful field study would involve mapping the home ranges of individual squirrels by using radio collars and/or setting traps in different areas and recording where and how frequently different individuals are caught. Squirrels live in highly overlapping homes ranges (Don 1983) and the fact that all of the squirrels I was observing in experiments 4 and 5 were present at the experimental nut patches during most of the sessions suggests that these squirrels were all able to travel to these areas very frequently. It is interesting to note that the corvid species that use complex cognitive abilities in relation to their caching (scrub jays and ravens) are territorial and can defend their territories and therefore their caches to some extent; ravens in particular are known to be aggressive towards conspecifics (Heinrich & Pepper 1998). Being unable to defend caches at all may mean that the costs of developing sophisticated cognitive cache protection strategies are too high for squirrels but I may have found more evidence of cognitive strategies in grey squirrels if I had been able to restrict my observations to caches that were made within the core of the squirrels’ home ranges. The core is the part of the home range frequented most by the resident squirrel and less often by others, and therefore caches made there are more secure than caches made in the periphery of the home range. Squirrels may invest less in caches made outside the core, and, in particular in ‘temporary’ caches made from abundant but ephemeral food sources such as the nut patches I provided in my field studies.

 Direct comparisons with other species would provide information on the role of territoriality, cache dependence and hoarding-style (larder or scatter-hoarding) in how social cognitive strategies are used in relation to caching. For example, as discussed in experiment 4, whilst squirrels responded to conspecifics at the food source as competitors rather than pilferers, chipmunks that primarily larder hoard and ravens, that store valued, perishable food opportunistically all year round respond to them as potential pilferers. Possible interesting comparisons to be made with grey squirrels could be gerbils (social, scatter and larder hoarders), Eurasian red squirrels (solitary, scatter-hoarders) and American red squirrels (territorial, larder-hoarders). 

In conclusion, this thesis has shown how social factors influence the scatter-hoarding behaviour of grey squirrels and that squirrels respond to conspecifics in ways that should increase the survival of their caches. There is little evidence that they possess the higher social cognitive skills attributed to some scatter hoarding corvids, but they do show preparedness in what they learn from observing a conspecific. This supports the theory that ecological demands other than social complexity, such as those related to caching, may lead to the ability to process social information highly effectively but also suggests that higher social cognitive abilities do not always occur with scatter-hoarding.

APPENDIX I: departmental ethics committee Approval forms for studies with captive squirrels 
a) General considerations and Experiments 1 and 2 
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Social cognition in Grey squirrels

Purpose
The purpose of the project is to investigate how social and non-social factors influence grey squirrels’ behaviour. Studies with food hoarding birds have shown that they use complex cognitive skills in response to conspecifics when caching but less work has been done with food-hoarding mammals. Captive squirrels will be used because, in the wild, caching takes place over long periods of time and over great distances, making it extremely difficult to study. These factors, as well as social influences can be controlled in the lab.
Methods and measurements
Testing will involve observing the behaviour of captive grey squirrels around caches made in trays of compost in the test room and their responses on touch screens to spatial cues. Video cameras in the test room will be used to record all sessions.

Animals
The eight adult squirrels are housed in the laboratory in the school in large floor-to-ceiling cages. Five of them (all females) were wild-caught as adults and have been housed in the lab since November 2003, and three (2 males, 1 female) are tame and were obtained from a sanctuary in Hampshire in July 2005.  The wild-caught squirrels have black dye marks on their fur for identification purposes and the sanctuary trio is identifiable through natural markings.

Ethical considerations

The squirrels will need minimal handling as they can move between their home cages and the test cages via an enclosed runway through holes in the walls. They are familiar with entering the test room to obtain food and will be habituated to the apparatus (trays, touch screens) before the tests begin by allowing them to explore it and obtain food. Squirrels will not be used in the study if they show signs of distress (e.g. running out of the test cage, freezing) and a vet will be called in if any of the squirrels show signs of illness. The video cameras will allow the experimenter to watch from outside the test room. All of these things serve to minimize human contact and therefore contribute to the welfare of the captive squirrels.

The home cages contain enrichment such as nest boxes, shelves, branches, ropes, cardboard tubes etc. and the floor is covered in wood chip in which they can forage. They are housed in pairs or trios so have social companions. A variety of nuts, seeds, fruit and vegetables are supplied every day in bowls and puzzle feeders around the cages. Water is always available and is mixed with a vitamin and mineral supplement.

The squirrels only need to be caught to apply dye every two months. This is done in baited live-traps which are checked every hour to ensure that the time the squirrels spend trapped is as short as possible. The dye is applied to the fur on the legs, back or sides with cotton-buds. 

Study duration

The series of studies will begin in January 2006 and will run over three years.

Social cognition in Grey squirrels – Further details (Application 2005/111 to Ethics Committee)
Individual squirrels will enter the test room cages through the enclosed runway and hole in the wall from their home cages. The squirrels will go into the test room of their own accord to collect food from the test room floor.

 
The test room is divided in half by a metal mesh wall. One half will be the Observer’s cage and the other will be the Demonstration cage. The two home cage rooms are either side of the test room so that some squirrels enter the test room into the demonstration cage and some into the observers’ cage but a small door in the dividing mesh wall allows access between the two cages. Video cameras in the test room will be used to record all sessions.
Training

All squirrels will be trained to enter the test room to obtain nuts by digging in two locations in a tray of compost in the demonstration cage. A curtain which is to be used during the test will be pulled across the dividing wall during training to habituate them to its movement.

One squirrel (the demonstrator) will be trained on a discrimination. For her, the side of the tray containing a whole nut will be marked with a red label; the other side will contain an empty nut shell. The red label’s position will vary across trials and will only be visible to the demonstrator and not from the observers’ cage. When she has collected the nut she will be trained to return to her home cage by placing food in the home cage, next to the hole in the wall. When the demonstrator has learned to take the nut from the labeled side of the tray (up to 10 trials per day, 90% trials correct over 5 sessions) and return to her home cage, testing will begin.

Testing

One squirrel (observer) will wait in the observers’ cage and will be able to see the demonstrator take a nut from the tray in the demonstration cage. The curtain will then be pulled across the dividing wall by the experimenter from outside the room. The demonstrator will return to her home cage and the observer squirrel will wait in the observation cage. The experimenter will enter the test room and set up the tray so that the nut is either in the same place visited by the demonstrator or in the other location. The curtain will then be pulled back and the door in the dividing mesh wall will be opened. Then, the experimenter will leave the room and the observer will enter the demonstration cage to get access to the tray. Each squirrel will have up to 5 trials per day and testing will continue until they learn to consistently visit the rewarded side of the tray first (criteria of 10 consecutive trial with no more than 3 errors).

The procedure will then be repeated but instead of a demonstrator squirrel, the position of the empty cache will be indicated by a flag at one end of the tray during the demonstration phase.

b) Experiment 3
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Can grey squirrels infer the whereabouts of hidden food?

Purpose of study

The results of the previous study suggested that grey squirrels can observe information generated by a conspecific and use it to decide where to search for food. This study aims to further investigate squirrels’ understanding of what they can see.

Methods and measurements

The apparatus will consist of three pots with lids (transparent or opaque), with one or more of them containing a nut. Squirrels will have access to the apparatus and be able to open the pots and obtain the nuts. A video camera will be set up to record trails.
Subjects

Squirrels housed in the laboratory will be used. In the laboratory the apparatus will be placed on the ground in the test room and squirrels will be able to enter the test room directly from their home cages via the holes in the wall. The squirrels are accustomed to this from previous research (ethical approval ref 2005/111). Once in the test room the squirrels will be able to explore the apparatus alone when they wish.

Ethical considerations

The squirrels housed in the school’s laboratory are accustomed to entering the test room and searching for food. The use of the holes in the walls removed the need to handle the squirrels and so minimizes stress. Water will be available in the test cage at all times and squirrels will not be tested if they are ill or show any signs of distress.
c) Experiments 6-9
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The effect of the presence of conspecifics and heterospecifics on learning and spatial memory of grey squirrels.
Purpose

Observations of caching wild squirrels suggest they behave differently in the presence of conspecifics and heterospecifics. The purpose of this experiment is to examine whether this is because conspecifics and hetersopecifics have different effects on squirrels’ ability to learn and recall information.
Methods
This is an amendment to the approval that was granted to cover work with the captive squirrels housed in the laboratory in the school (ref 2005/111; 30/01/06). Most of the methods are the same but, in addition, this study will require a live pigeon or squirrel in a holding cage placed next to the test squirrels’ test cage where a live squirrel will be searching in plug trays for buried nuts.

The test room contains a floor to ceiling cage, divided in half by a metal mesh wall. Four plastic plug trays with a nut buried in one cell will be placed on the floor in one half of the cage. A holding cage containing a pigeon or squirrel (or potted plant, control stimulus) will be placed on the floor in the other half of the cage. The test squirrel will enter the plug tray cage directly from their home cage and search in the trays for the nut. When the squirrel has found the nut or after 15 minutes of searching, the test squirrel will return to the tunnel. The holding cage will be carried to the squirrel or pigeon home room and remain there until the next trial. If the test squirrel was successful in finding the nut it will return after approximately 10 minutes and search a fresh set of trays for a nut in the same location.

Animals

Squirrels housed in the school will be tested and act as the conspecific stimulus. Up to two pigeons will be used, individually, as the heterospecicific stimulus. These are housed in the school and have been involved in other, touchscreen experiments.

Ethical considerations

The pigeons are used to waiting in holding cages (dimensions 50x50x50cm) for up to two hours prior to touchscreen testing and will enter them readily if grain is placed on the food dish on the cage. The squirrels that will act as conspecific stimuli will be trained to enter a holding cage individually by placing food inside the cage and the leaving the door open until they enter. Pigeons and squirrels in the holding cages will have access to food and water throughout the test.

The holding cage will be placed on the floor of the test cage at least 10cm away from the dividing wall so that the test squirrel in the other cage will have no physical contact with the holding cage, bird or squirrel.

Each stimulus pigeon or squirrel will act as a stimulus for no more than three trials per day, requiring them to be in the cage for no more than two hours in one day. Each test day will be followed by at least one day where they are not used as the stimulus.

The squirrels have been in adjacent cages in a previous experiment and so are familiar with each other in the test room. The pigeons and squirrels have not been in the same room before; if either shows any signs of distress during the experiment ( cowering or wing flapping by the pigeon; cowering or gnawing and scratching at the cage bars by the squirrels) the experiment will be stopped and animals returned to their home rooms immediately. This methodology has been discussed with Professor Stephen Lea and Catriona Ryan, both of whom are pigeon experts and neither of them expect the pigeons to be distressed in this situation. Pigeons and squirrels and naturally co-occurring animals and so the presence of a heterospecific should not cause distress to either species.
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