Two tests of complex cognition in western scrub jays: mental time travel and mirror self-recognition.
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Fig 1.4. Proportion of waxworms cached over trials for individual birds in different groups. 
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Abstract

Western scrub jays Aphelocoma californica, food-caching corvids, may plan for the future, but do not yet recognize their own images.  Jays were tested on two complex cognitive abilities: (1) mental time travel, testing for future-planning in caching behaviour with respect to foods that decay at different rates; and (2) mirror self-recognition, testing whether jays treat a mirror as a conspecific.  Jays have been found to relocate caches made in front of another bird; if they relocate caches made in front of a mirror, they probably do not recognize their image.  The jays proved capable of future-planning, although operant conditioning and adaptive behavioural tactics cannot be ruled out as explanations for their behaviour.  This finding complements recent evidence that jays have episodic-like memory.  Being relatively inexperienced, they conclusively failed to recognize their own images in mirrors, although subsequent studies have shown that after longer exposure they may have learnt to recognize themselves.  These findings present a rigorous approach to complex cognition research in animals that is rare in the animal behaviour literature.  Generalizations about the evolution of complex cognitive abilities should be avoided until more results like this are obtained and integrated into a phylogenetic framework.

Introduction
Is there a mental capacity that separates humans and all other animals ?  Many in behavioural research believe there is70,81, although few agree on what precisely it might be.  They are part of a long tradition: Aristotle3 held that humans are unique in that they have the capacity for reason, and Descartes21 wrote that animals are automata, without feelings or emotions.  Since the 19th century, others, for example behaviourists65,88, have maintained that humans and animals lie on a continuum, even in mental ability.  As animals have passed increasingly complex tests, claims to human uniqueness have become more restricted :

Where it was once believed that only humans manufacture tools, for example, more recent evidence has come to light that forces the more restrictive claim that only humans use tools to make tools.  Now even this can be disputed. (Suddendorf & Corballis 199770, Introduction).

Tests of these claims usually suffer from three main problems: 

Phylogeny.  To test for a unique ability in humans, logically we should test the ability in many (carefully chosen) unrelated species, as well as testing those genetically closest to us.  Traditional studies almost all focus on primates22,29,58,70, meaning they can draw scant conclusions about the rest of the animal kingdom.  Hence they both ignore the possibility of convergent evolution and overlook possible insights into how these mental capacities evolve.

Subjectivity.  An animal cannot say (for example), “I am sorry, but I just cannot dissociate my present from my future self”.  We can only infer mental states from animal behaviour.  This can be highly subjective, varying according to the experimenter’s interpretation.  Is the chimp in front of the mirror undergoing a deep moment of self-realization, interacting with what it believes to be another chimp, or simply staring at the shifting patterns ?

Ecological irrelevance.  To reduce subjectivity, experiments often train animals in quite abstract relationships58,87, and then pose a problem that is designed to test the ability in question.  As the tests become increasingly irrelevant to the animal’s ecology, the results become less and less informative about the animal.  In nature, for example, it is probably rare that chimps face the problem of distinguishing between humans with and without paper bags on their heads58.

In this study I present two experimental results that are designed to challenge this “traditional anthropocentric” (Shettleworth 199864, e.g. p.574) approach.  Research into animal cognition has suggested, tentatively, that humans and some apes share some cognitive capacities that related species like monkeys do not (for example, “metarepresentation”, “dissociation”, “metamind”70 and “theory of mind”83), although authors disagree over how the capacities are interrelated.   This has generated claims that only humans have these complex cognitive abilities70.  Only a few recent studies have begun to treat the question both experimentally and phylogenetically46.  I use a naturally occurring behaviour, food-caching, to investigate two instances of behaviour that may require some of these capacities, “mental time travel” (experiment 1) and mirror self-recognition (experiment 2), in an animal distantly related to humans (the western scrub jay Aphelocoma californica
).

Experiment 1.  Can scrub jays travel mentally in time?

“While a full-bellied lion is no threat to nearby zebras, a full-bellied human may well be.”  (Suddendorf 199468, p. 2)

Many authors have argued that animals cannot “travel mentally in time”47,70,76,81.  Mental time travel binds together “episodic memory”73,74,75 (see below) and imagining future states47.  It may require autonoetic consciousness74,77, or a sense of self through subjective time.

Most research to date has focused on mental travel backward in time, or, loosely, episodic memory.  Memory is traditionally “declarative” or “procedural” – mental associations one can and cannot represent symbolically.  We further subdivide declarative memory into semantic and episodic – roughly, knowing versus remembering.  

Despite the language barrier, some animals display certain behavioural criteria that test episodic recall.  Clayton and Dickinson13,14 showed that western scrub jays can remember what, where and when they made a cache.  This suggests at least episodic-like memory – which would fit well with the jays’ ecological need to keep track of perishable items (scrub jays are generalists and eat items with a variety of shelf-lives). Although elaborate internal timers may explain the birds’ performance51, further experiments17 have rendered this less likely.
Future planning is often reported anecdotally in primates.  Sultan, a chimpanzee, once fitted two sticks together to reach a banana outside his cage.  He then stacked up some boxes to reach a hanging banana47.  The chimpanzee Julia looked up to five steps ahead in a sequential problem-solving task22,
.  Many species, primate and non-primate, have been shown to manufacture and use tools44,45.  However, Köhler47 maintained that “the life of the chimpanzee is lived entirely in the present”b.  Planning based on “real” mental time travel would involve anticipating a different future need state, like the “full-bellied human” in Suddendorf’s quotation (above).  This gave rise to the  Bischof-Köhler hypothesis, which proposes that animals cannot anticipate future needs or drive states7,8,9,
.

Food-caching behaviour per se could be said to be  “planning for the future regardless of present need”, the behavioural criteria to refute the Bischof-Köhler hypothesis70.  In jays, satiation does not prevent caching15,49, and hungry jays usually cache only after eating82.  But if caching is an adaptive and relatively inflexible routine, caching behaviour on its own is not enough to refute the Bischof-Köhler hypothesis.   If they are acting inflexibly, jays ought always to cache a preferred over a non-preferred food item.  If they are unable to travel mentally in time, they should therefore fail at tasks that require them to adjust their caching in response to different conditions on recovery. 

I asked the following questions: 

(1) Can jays use information about future food states to alter their caching behaviour? One group of birds had their caches of preferred food items consistently replaced with rotten (degraded) items.  I predicted that they would cache fewer of these items than the control group, whose caches were replenished with fresh items.  By contrast, they should cache unmanipulated food items at the same frequency.  A positive result will support mental time travel, although I do not test autonoetic consciousness. 

(2) Does the response differ for different information?  A third group had their caches of preferred food items consistently stolen.  This reflects different ecological circumstances, and may trigger different tactical behaviour.  In psychological terms, “degraded” and “stolen” represent different types of conditioning – negative reinforcement (unpleasant) versus extinction (absent).  Any trial-induced behaviour should be manifest more sharply in the negatively-reinforced birds.  Hence I predicted a less sharp decline in caching in the group whose caches are stolen.

(3) I also investigate a perhaps more relevant temporal relationship.  Two additional groups of jays received preferred items back fresh after a short retention interval, but degraded/stolen after a long interval.  At caching, jays had no cue as to how long an interval they will experience, as would be the case in nature.  Tentatively, I predicted that these groups would decrease their caches of preferred items but by less than the consistently degraded/stolen groups. 

Materials and methods

Subjects

Western scrub jays are corvids inhabiting the great tracts of oak and the dense mesquite scrub in the western USA.  In summer they eat and cache a variety of animal foods, including insects, reptiles, and the eggs and young of other birds.  Winter foraging flocks eat and store pine seeds, nuts, berries and acorns78.

I used twenty-two mixed-sex scrub jays housed individually in cages 91(91(76cm.  They were kept indoors under simulated natural light on an 8am-6pm schedule, matching a photoperiod appropriate for the time of year.  Their diet consisted of powdered peanuts and Iams® dog-food kibbles, daily-alternated spinach/grapes and peanuts/sunflower seeds, and vitamins dissolved in their drinking water.  

Schedule

On 6th September I tested for a preference between the experimental foods – wax moth larvae (waxworms) and peanuts.  Ten of each were presented to a bird and the first five items handled were recorded.  Prior experience strongly suggested they prefer waxworms.  Their caching preference was determined by their caching behaviour on the first of the experimental trials.

From 7th September, experimentation began.  Birds received eight trials each, on consecutive days (except for weekends), having been deprived of food at 6pm the night before a trial.
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‘Trials’ consisted of caching followed by recovery sessions, separated by a short (4 hour) or a long (28 hour) retention interval.  Long and short trials were in pseudorandom sequence, synchronized across birds for experimental convenience.  Caching began at 10.45am, standardized to prevent diurnal cues as to trial length.  I introduced a shallow plastic bowl containing the food items, and a caching tray, liberally filled with “corncob” (a coarser substitute for sand). Caching trays were opaque plastic ice-cube containers screwed onto slightly larger plywood bases.  The trays were made visuo-spatially distinctive by attaching Duplo® bricks pseudorandomly and asymmetrically to the free edges of the base, reorganizing them between trials.  Fig. 1.1 shows a jay caching.

Caching trays were left in the cage for 15 minutes, after which I removed them and searched for cached items.  Depending on whether the trial was short or long, I replaced the tray four hours (having kept the birds hungry) or twenty-eight hours later (having returned their food and deprived them at 6pm as usual) having substituted cached items according to treatment group.  Recovery lasted for fifteen minutes.

On 2nd October I performed another food preference test to determine whether the birds’ preference for either food had changed.

Treatment groups

Birds were assigned randomly into five treatment groups based on how I manipulated their waxworm caches.

Degrade: 
all waxworms cached on both trial types were substituted for degraded waxworms (soaked in detergent and left to rot for several weeks).  n=4.

Pilfer:
all waxworms cached on both trial types were removed (pilfered). n=5.

Replenish:
all waxworms cached on both trial types were replaced with fresh waxworms.  n=4.

Replenish/degrade:
waxworms cached were replenished on short trials, but replaced with degraded waxworms on long trials.  n=4.

Replenish/pilfer:
waxworms cached were replenished on short trials but pilfered on long trials.  n=5.

Data analysis

Unless stated otherwise, I analysed the data with generalized linear models using the statistical package GLIM 4.0, fitting a separate model to each of the following variables: proportion of waxworms cached (=w/w+p), an indication of the probability that the bird will cache a worm as opposed to a peanut ; number of waxworms cached ; number of peanuts cached. 

For proportion of waxworms I assumed binomially distributed errors. For the other variables, poisson errors were assumed (for a discussion of generalized linear models and error structure, see Appendix 1).

I used four explanatory variables, defining each either as a factor (i.e. a grouping variable with two or more levels) or as a covariate (a continuous variable).  Groups were: bird (within-subject factor – 22 levels, divided among groups), group (factor with 5 levels), trial (treated as a covariate since it measures elapsed time; I could also have treated it as a factor with 9 levels). 

The trial by treatment interaction tests for changes in behaviour of treatment groups with time.  Individual a priori predictions about changes in behaviour were tested by performing planned contrasts.  Four independent orthogonal contrasts are possible within the four degrees of freedom for the group × trial interaction.  I performed five contrasts which means that this fifth contrast is automatically non-independent even if the first four had been orthogonal (which they are not) -- I corrected for this with the Dunn-Sidak adjustment (the adjusted threshold for significance was 0.01, see Appendix 1):

I performed contrasts for the following pairs of groups:

	Waxworms (proportion, number)

	Planned contrast
	Prediction

	Degrade vs. Pilfer 
	Degrade will reduce waxworm caches more strongly than Pilfer (one-tailed).

	Replenish vs. Pilfer 
	Pilfer will reduce waxworm caches more strongly than Replenish (one-tailed).

	Replenish vs. Replenish/pilfer
	Tentatively, Replenish/pilfer should respond more strongly than Replenish (two-tailed), and perhaps will reduce its caches.

	Pilfer vs. Replenish/pilfer
	Tentatively, Pilfer should respond more strongly than Replenish/pilfer (two-tailed).

	Replenish/degrade vs. Replenish/pilfer
	Tentatively, Replenish/degrade should respond more strongly than Replenish/pilfer (two-tailed).


	Peanuts (number)

	Planned contrast
	Prediction

	Degrade vs. Pilfer 
	Degrade will respond more strongly than Pilfer (one-tailed); both may increase their caches to compensate for the reduced waxworm availability.

	Replenish vs. Pilfer 
	Pilfer will respond more strongly than Replenish (one-tailed).

	Replenish vs. Degrade
	Degrade will respond more strongly than Replenish (one-tailed).

	Replenish vs. Replenish/degrade
	Tentatively, Replenish/degrade should respond more strongly than Replenish.

	Pilfer vs. Replenish/Pilfer
	Tentatively, Pilfer should respond more strongly than Replenish/pilfer.


Because contrasts were limited, a difference in waxworm caches between Degrade and Replenish was not tested (a similar study82 has reported this difference before); I tested for the difference between Replenish and Pilfer.  Similarly, Clayton & Dickinson (1999a)14 reported a difference in waxworm caches between their “Replenish” group and their “Replenish/degrade” group, so I test instead for a difference between Replenish and Replenish/pilfer.  Since previous studies did not explicitly report such distinctive results for peanuts, I could not make the same assumptions in their case.

Results

Summary tables for statistics and significance values for the General Linear Models are displayed in tables A1 through A4 in Appendix 2.  For clarity, most statistics are given in the figure captions.

Across groups, birds showed a preference for caching waxworms on the first trial (mean proportion of waxworms cached = 0.61(0.03) which was significantly above-chance (non-parametric test of location, Z=4.40, p<0.001).  

Fig. 1.2 shows the difference in waxworm caches on the first trial, both in proportions (means ranging from about 0.5, Pilfer group, to about 0.8, Degrade group) and numbers (means ranging from about 8, Pilfer group, to about 14, Degrade group).  The number of peanuts cached was about 4 for all groups.

Fig. 1.3 shows the overall pattern across trials for waxworm caches: initially about 11, decreasing to about 6 by the last trial.  Proportionately, waxworms also decreased from about 0.7 to about 0.4.  Peanut caches, by contrast, remained static at about 5.  However, different groups responded very differently.

Differences in the proportions of waxworms cached are obvious from fig. 1.4.  Degrade and Pilfer both decrease sharply with trials, eventually caching very few waxworms; Replenish declines slowly, and Replenish/degrade and Replenish/pilfer both increase.  The planned contrasts revealed the following :

	Degrade vs. Pilfer:
	There was a clear decrease for both groups.  Degrade showed a sharper decline than Pilfer, caching only a very small proportion of waxworms by (estimated heuristically) about the fifth trial, as opposed to the seventh, respectively.

	Replenish vs. Pilfer:
	Both decreased their waxworm caching, Pilfer reducing their caches more steeply.

	Replenish vs. Replenish/pilfer:
	The two showed opposite responses, Replenish decreasing while Replenish/pilfer increased.

	Replenish/pilfer vs. Replenish/Degrade:
	There was no difference in their caching pattern. Both groups increased their waxworm caches, caching them almost exclusively by the last trial.

	Pilfer vs. Replenish/pilfer:
	The two were massively different, showing opposite responses: Pilfer decreasing and Replenish/pilfer increasing.


Fig. 1.5 shows the patterns in numbers of waxworms cached.  Again, there are obvious differences among the groups.  Degrade and Pilfer both decrease to very small numbers, but the other groups appear not to change over time.

	Degrade vs. Pilfer:
	Waxworm caches decreased for both groups.  The decline was not steeper for the Degrade  group, but the difference approached significance.

	Replenish vs. Pilfer:
	Replenish group consistently cached similar numbers of waxworms, whereas Pilfer cached progressively fewer.

	Replenish vs. Replenish/pilfer:
	Both cached consistent numbers; there was no detectable difference.

	Replenish/pilfer vs. Replenish/Degrade:
	The two were similar; both cached fairly consistent numbers of worms.

	Pilfer vs. Replenish/pilfer:
	The two showed different responses; Pilfer decreased over trials while Replenish/pilfer increased very slightly.  

	nb. since Degrade group showed a more marked decline in waxworm caching than Pilfer, both proportionately and absolutely (although the latter was non-significant), Degrade was assumed also to be different from Replenish group’s caching behaviour. 


Fig. 1.6 shows the differences in peanut caching among groups.  The different responses are much less pronounced.  Degrade increased their peanut caching compared to Replenish, but Pilfer did not.

	Degrade vs. Pilfer:
	The two did not differ, even on a one-tailed contrast ; both appeared slightly to increase.

	Replenish vs. Pilfer:
	The patterns were statistically similar; Replenish did not change over time.

	Replenish vs. Degrade:
	Degrade increased their peanut caching while Replenish did not.

	Replenish vs. Replenish/degrade:
	The two were indistinguishable; both cached consistently low numbers of peanuts.

	Pilfer vs. Replenish/Pilfer:
	Statistically the groups differed, although it is not obvious how; complementary within-bird effects may contribute to this difference.


Food preference tests

In both tests, before and after the experimental period, jays preferred to handle and eat waxworms.  The first five items handled on both occasions were unanimously waxworms: since this preference was uniform across all birds, statistics were considered unnecessary.
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Discussion

The groups cached different numbers and proportions of waxworms on the first trial.  This is probably a random effect due to small sample size (for only one trial, there are no within-bird replicates).  Importantly, because I am looking at a within-bird repeated-measures effect, this does not affect the conclusion as to what birds did subsequently.  Over trials, the groups responded very differently. 

On subsequent trials, Degrade and Pilfer jays both reversed their caching preference.  This shows that food caching is not an inflexible routine, with simple parameters specifying how much to cache particular foods.  That the preference for eating waxworms remained constant supports the view that eating and caching are separately controlled15.

One explanation for the reversal is future planning.  Before caching, the jays are reconstructing in their minds the probability of the waxworm degrading, and adjusting their behaviour to make fewer fruitless caches.  This would satisfy some of the criteria for mental time travel required by the Bischof-Köhler hypothesis – the jays would be anticipating their hunger at recovery, and acting so as to maximize their food reward at that time.  This is not “episodic future thinking”2, which would require a jay to plan for a single event in the future, but more like “semantic” future thinking since Degrade jays acted on semantic knowledge (“all cached waxworms degrade”).

But the jays were hungry, and so were not anticipating a different future need state.  Thus, the Bischof-Köhler hypothesis is not refuted.  In fact, their hunger state at caching is unclear as the birds tend to eat waxworms before beginning to cache82.  Clayton & Dickinson (1999b)15 found a partial effect of satiety upon caching that is food-type specific.  Further experiments should therefore address hunger state quantitatively, at caching.  This would be easy: deprive all jays for the same time period, and record what is eaten before caching begins. 

An association could also have formed via operant conditioning between caching a waxworm and finding it degraded or pilfered at recovery.  But this stretches the boundaries of association somewhat, since conditioning between events separated by several hours has only been reliably reported for the case of flavour-aversion4,32,
 – and even then, it may have an adaptive basis (avoiding food poisoning)33.  Only tastes and stomach illnesses produce this effect, and it happens after only one trial despite the experiences being hours apart.  Hence, if the jays learnt through operant conditioning, then either (1) they can learn associations over a remarkably long time frame, or (2) as proposed for flavour-aversion, they are adapted to be able to do so specifically for caching.  Since food perishability is probably relevant to the jays’ ecology, and happens over days, we cannot rule out this second explanation.

Longer retention intervals would be useful in distinguishing between operant conditioning and future planning; conditioning predicts a more rapid breakdown of the jays’ reversal of preference as the retention intervals increase, although Morris (200154, p.1456) warns that long intervals alone cannot refute a conditioning explanation.  In fact an existing study82 obtained similar results using much longer retention intervals, offering less support for the conditioning hypothesis.

Another explanation is that high and low rates of caching are evolutionary tactics, triggered by ecological information about food value.  In many animals, environmental cues can trigger different responses (e.g. horned and unhorned Onthophagus beetles25).  Birds could therefore be acting on a rule like “expect soft squishy items to degrade”.  However, a recent study55 using unfamiliar foods that are similar to each other in consistency, has shown that jays are capable of learning more complex perishability relations, a result unlikely under this hypothesis.

Delayed learning in Pilfer group

As predicted, the Degrade group learnt more quickly than the Pilfer group.  This weakly supports the operant-conditioning model over the future-planning model in that it is explicitly predicted by the former, but is not inconsistent with the latter.  Importantly, this result shows clearly that the birds learnt to reverse their caching preference.  Triggered tactics would predict a sudden switch in behaviour, and not a gradual learning curve, which is evident here.

Replenish/degrade and Replenish/pilfer groups

The responses of Replenish/degrade and Replenish/pilfer were strikingly different from those of the Degrade and Pilfer groups.  Instead of reversing their preference for waxworm caching, they seemed to strengthen it, and consistently cached few peanuts.  Why should this be?  This behaviour is consistent with operant conditioning theory, but also supports a common-sense view based on future planning or tactical adaptation.  

Half the Replenish/degrade jays’ waxworms decayed (essentially chance levels); at caching, birds had no cue about the trial’s retention interval.  Operant conditioning theory62,63,
 predicts that Replenish/degrade should cache waxworms at somewhere between the levels of the Replenish and the Degrade birds: this was not supported by the data.  However, “partial reinforcement” sometimes produces larger responses than full reinforcement, consistent with the observed behaviour.  The idea is that the organism becomes frustrated by not receiving a customary reward, and this frustration is a source of motivation, leading to an increase in the behaviour36,50, although the effect is not always seen61.

Future planning also predicts the observed difference.  A typical human’s response might be: “half of my food unavoidably goes rotten.  Hence, I should store more, so a greater number of items are fresh at recovery.”  This assumes no costs to storing waxworms; the same judgement would be against common sense if the cost of caching extra waxworms (e.g. searching time, or remembering locations) outweighed the benefit of having extra fresh food available at recovery.

But cues from the waxworms’ rottenness could also trigger a tactical switch in caching behaviour.  This could be a cue triggering seasonal behaviour, for example: “If waxworms degrade it is probably spring, so they will be abundant; hence, cache many”; or possibly “If it is spring, I will have chicks soon, and should store extra food”.  Several authors have reported changes in corvids’ caching behaviour in the breeding season66,80, and sometimes specifically increases in caching of food for chicks37,39.

How would we test between future planning and triggered tactics?  This problem is notoriously difficult to test.  Typical experiments test whether the animal can generalize to ecologically irrelevant situations.  Although I believe this is unhelpful (see General Discussion), a possible test would be to introduce an abstract cue, maybe a coloured card, at the caching stage indicating the length of the current trial.  On cued trials jays would only have powdered, uncacheable food.  Cued and non-cued trials (with waxworms) would be alternated (or conducted pseudorandomly) so the jays could not “forget” that waxworms degrade after long trials.  A pair of probe trials, one short and one long, with both a cue and waxworms, would be conducted.  “Insight” predicts that jays would reduce waxworm caches on the long trials.  However, this would test episodic, not semantic, future thinking.

If we found differences among food storing species in their responses to relations such as Replenish/degrade, this would support triggered tactics, since a “common-sense” solution would be generally uniform across species.  Field studies would also be important; behaviour in the wild may differ from captivity.

General trial effect 

Interaction aside, birds generally cached fewer waxworms with successive trials.  This could be due to an initial novelty effect of waxworms, or because the birds gradually learned that humans always tamper with their caches.  Since caching elsewhere in the cage was not recorded, the birds could also simply have been learning not to cache in the caching trays, which are always tampered with – although this does not explain why waxworms and not peanuts decreased.

Autonoetic consciousness

Some authors70,81 link episodic memory and future planning with the virtually untestable capacity for autonoetic consciousness.  Even if scrub jays can plan for the future, given that they exhibit episodic-like memory13, they would still not satisfy this criterion for mental time travel.  Studies testing for autonoetic consciousness either require animals to act flexibly in unique situations (rendering alternative explanations less likely) or proceed by inference using philosophical introspection, which is limited in its explanatory power by the limits of our own understanding.  For example, some authors assert that episodic memory requires the capacity to represent a memory as a memory (Suddendorf’s “metarepresentation”) and the ability to dissociate one’s current self from one’s past selves (“dissociation”), which itself demands theory of mind70.  For non-human animals, especially non-primates, not only is this particularly difficult to test, but, because animals’ minds are organized differently to ours, there is little basis for the assumption that in fact these capacities are required.

Conclusion
Scrub jays can alter their caching behaviour in response to information about the state of cached food at a temporally remote recovery period.  This ability is predicted by the hypotheses that (1) they are capable of mental time travel and hence able to reconstruct mentally, at the caching stage, the probability of the waxworms decaying; (2) the jays are performing evolutionarily-instilled behaviour triggered by the different information about the waxworms’ decaying; or to a lesser extent (3) the jays are acting on associative information built up through operant conditioning.  An existing study with longer retention intervals renders (3) very unlikely.  At this stage, though, Morgan’s canon requires that we must actively rule out (2) if we are to conclude that scrub jays can travel mentally in time.  That jays learn to alter their caching behaviour goes some way towards this.  Which alternative is the best explanation does not affect the result that in this study the scrub jays meet some of the behavioural criteria for the Bischof-Köhler hypothesis.  However, the jays’ need state was not addressed quantitatively here.  Further studies should now attempt to replicate this finding with jays of known hunger states, that is, which have been pre-fed or pre-deprived to different extents, or whose consumption of waxworms prior to caching has been quantified.  Even then, proof of autonoetic consciousness may be required.  

Asking for demonstration of autonoetic consciousness essentially is demanding an answer to Nagel’s85 famous unanswerable question “what is it like to be a bat?”.  Tinbergen84 set forth four approaches for ethological questions: mechanism, function, development, and evolution.  However, Burghardt (1997)12 suggested an additional approach, that of private experience, precisely for questions that do not sit easily in any of Tinbergen’s four.  Nagel’s bat falls squarely into this category, and so, I suggest, does the question of whether animals are autonoetically aware.  Bekoff (2000)6 argues that private experience is testable; but experimental tests of animals’ subjective experiences are vanishingly rare.  However, whether or not jays are autonoetically conscious, we can at least assert, following Suddendorf, that

“While a full-bellied robin is no threat to a nearby waxworm, a full-bellied scrub jay may well be.”

Experiment 2.  Can scrub jays recognize themselves in mirrors?

Mirror self-recognition has been used as a sort of acid test for theory of mind, both in children and in non-human animals30,31.  Theory of mind83 is an organism’s ability to attribute mental states to itself and others.  This has been claimed to be unique to humans, and possibly some related primates57.  Whether mirrors actually test this, though, has been challenged42,43,52,53,79.  For example, autistic children, hypothesized to have a deficiency affecting their theory of mind, develop normal mirror self-exploratory behaviour59.  Critics argue that (for example) self-recognition only implies that one differentiates oneself from the rest of the environment67, or not even that42.  Despite this, mirror self-recognition is still the prevailing test for theory of mind.  The alternatives are generally complex experiments, testing whether animals can attribute mental states to various human actors58,87.

The classic critical test of self-recognition is the mirror mark test29; several species of ape can use mirrors to find experimental marks in normally invisible places on their bodies.  Self-recognition has also been concluded from apes “exploring themselves” using mirrors.  Both findings have drawn considerable criticism, and the area is somewhat of a methodological minefield41,79.  The term “mirror-guided body inspection” has been coined as a term less suggestive of a self-concept42.

In birds, studies of mirror-guided body inspection are rare.  Epstein et al (1981)26 appeared to show that after training pigeons can pass the mirror mark test, but the result could not be replicated72.  Interpreting a behaviour in front of a mirror is much more difficult with birds than with primates, since they are not so similar to ourselves in morphology (although this may mean we do not fall so easily into traps of anthropomorphism).  We are forced to judge subjectively what the animal is doing, e.g. “aggressive behaviours towards a conspecific” for pecking and flapping at the mirror48,
, or “self-guided action” for open-beak tapping at the mirror56.  Usually, birds are interpreted as treating their reflections as conspecifics 18,71(
), 48. 

I present a test of mirror self-recognition in scrub jays in a social context.  Corvids often return to caches and relocate them (recaching): this has been reported for ravens11,40 and European Jays34,
.  Emery & Clayton (2001)23 demonstrated that scrub jays would recache food in a different, private location if they had been observed by another bird whilst caching.  A bird would only recache if it itself had previously pilfered other birds’ caches.  This behaviour throws up an interesting prediction: if the birds interpret their mirror image as a conspecific, given the opportunity in private, they should subsequently recache any food they had cached while confronted with the mirror.  If they recognize that the image is their own, they should also realize that they are effectively caching in private and should not subsequently recache.  If they simply do not pay attention to the mirror, they should also not recache.  

To this end, I allowed scrub jays to cache under three conditions: observed by a conspecific, in private, and in front of a mirror.  The contents of the caches was noted and their behaviour on recovery observed and recorded.  Following the consensus in the literature that birds cannot recognize their images, I predicted that the “Mirror” group would treat their image as a conspecific, and would recache at similar levels to the “Observed” group.

For purely investigatory purposes, I also gave them two types of “food” item, one edible and one inedible, to give them an extra opportunity for deception (in addition to the possibility of recaching) – an especially “cunning” bird might cache inedible stones when observed by a conspecific.  If this happened, it may be an example of “spite”, the harming of a conspecific at no direct gain to oneself27,38, since the individual gains nothing by the action of caching stones.  

Materials and methods

I used a subset of sixteen of the birds used for experiment 1.  They were maintained as described above (Materials and methods). Eight were designated “storers” and eight “observers”, the storers being picked from the birds that displayed the most obvious recaching behaviour noted by Emery & Clayton23.  The birds were given experience with the mirrors, setting up at about 10.30, and taken down at about 5pm, for two days before the experiment – totalling about twelve hours of prior experience.

The cages were set up such that either half of the division between observer and storer could be blocked off by a black cloth, by a mirror, or by a transparent sheet of perspex, the other half always being blocked off by the black cloth.  Observer birds were confined to one of these halves depending on treatment; storers had the run of their whole cage.  Following a within-subject design, each bird received one of four treatments on subsequent days: Observed, Not-observed, Mirror plus observer, or Mirror minus observer (see fig. 2.1a).

Both storer and observer birds were deprived of food at 6pm the night before a trial.  On the day of the trial, at about 10.45am the storer birds were allowed to cache (as described for experiment 1) for a fifteen-minute session with their cages placed back-to-back with those of the observers.  Caching trays were always placed in view of the unblocked half of the other cage – i.e. in view of the observer, the empty observer’s cage, or the mirror, depending on treatment.  For each caching session a bird was given fifteen hazelnuts and fifteen baking beads (very tough ceramic beads that superficially resemble hazelnuts; I will refer to these as “stones”).  I  then left the room for 15 minutes, after which I returned, removed the caching trays and searched through them, replacing any cached items after having recorded their locations.  Then, I removed the mirrors from the cages and returned the observers’ food.

“Observed” and “Not-observed” treatments were received twice and each mirror treatment once by each bird, making six in all, in pseudorandom order.  This gave the birds equal experience of the mirror and each of the non-mirror treatments.  Whether the observer, mirror, or empty observer’s cage was on the storer bird’s left or right was counterbalanced; half the birds received left for three trials and right for the others, the remainder received right, then left.  

Recovery sessions, at 2pm, were the same in all cases (see fig. 2.1b).  A black cloth was placed between storers’ and observers’ cages, obscuring them completely from each other.  The dividers were removed from the observers’ cages, allowing them access to the rest of their cages.  Observers were also given one or two hazelnuts and stones, to let them become familiar (they could then not be said to be inattentive through unfamiliarity).  The caching trays from the earlier caching session were replaced, and new trays introduced into the opposite side of the storers’ cages, to give further opportunity for recaching.  The storers’ behaviour was recorded for five minutes, with particular reference to which items were recovered (i.e. removed or displaced from their original cache) or recached (i.e. recovered and then cached again, in the old tray or the new one).  After this, the birds’ usual food was replaced in the cage and left until 6pm, when I deprived them of food for the next day’s trial.
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Data analysis

Generalized linear models

As for experiment 1, I used generalized linear models with the statistical package GLIM 4.0.  I fitted models using the following target variables: number of hazelnuts cached (poisson errors); number of hazelnuts recached in the new sites; proportion of hazelnuts recached out of the number recovered, and proportion of hazelnuts recovered out of the total number cached (all binomial errors); plus the same variables for stones.

There are two degrees of freedom for the overall difference among groups.  Hence, two planned orthogonal contrasts are possible without adjusting the threshold for significance downward.  In all cases I contrasted Mirror with Observed, and Mirror with Not-observed, which are non-orthogonal contrasts: hence, I applied the Dunn-Sidak adjustment (Appendix 1).  For two contrasts, the new threshold for significance is 0.025.  I predicted that (1) Mirror group would not differ from Observed, and (2) Mirror would differ from Not Observed.

Results

GLM tables are presented in tables A5 – A17 in Appendix 2; most statistics are cited in the figure captions.

Fig 2.2 shows the overall caching pattern.  Birds cached progressively fewer hazelnuts, initially about 13 but decreasing to about 2.  Stone caches also appeared to decrease, but the effect was non-significant, probably because of high fluctuation.  There were no differences among treatments in these patterns. 

The mirror treatments, “plus observer” and “minus observer”, were statistically similar for all measured variables (Kruskal-Wallis tests, all ns).  Hence, I amalgamated them as one group, “Mirror”.

Fig. 2.3 shows unexpectedly that jays generally seemed to prefer to cache stones over hazelnuts, caching means of about 7 and about 3 respectively.  All treatments cached similar absolute numbers of both items (fig. 2.4), and also similar proportions of hazelnuts (fig 2.5) – although Not Observed group showed a non-significant increase over the other groups.

 All birds recached similar numbers of hazelnuts ((22=4.25, ns) and stones ((22=5.29, ns).  However, when I split these into different variables, the Mirror group were strikingly similar to the Observed group and different from the Not-observed group in their treatment of hazelnuts:

Fig. 2.6 shows that the Mirror group recached more hazelnuts in new sites (a mean of about 1) than the Not-observed group (about 0.1), but were indistinguishable from the Observed group.  For stones, the same difference is apparent, but was not significant.

The same pattern holds in fig 2.7a, for proportion of hazelnuts out of those recovered from caches: Mirror group recached a mean of about 0.8 hazelnuts for each one recovered, more than Not-observed (about 0.3), but not different from Observed (about 0.7).  For stones, treatments all recached about 0.8 stones for each one recovered. 

As shown in fig 2.7b, neither planned contrast showed a significant effect of treatment for the proportion of either food type recovered from caches: about 0.3 hazelnuts and 0.6 stones recovered for each item cached.  Hence I assume no difference for either food type. 
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Fig 1.4. Proportion of waxworms cached over trials for individual birds in different groups. 
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Fig 1.5. Number of waxworms cached over trials for individual birds in different groups. 
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Fig 1.6. Number of peanuts cached over trials for individual birds in different groups. Again 
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Discussion

Birds in the Mirror group were similar to the Observed group in both the numbers of hazelnuts recached in new sites and the proportions of hazelnuts recached out of those recovered.  They also differed from the Not-observed group in the same variables (Mirror group recached more in each case).  They behaved as if they were being observed by a conspecific, and not as if caching privately.  Therefore, they probably did not recognize their images. 

Mirror-guided behaviour in chimpanzees only develops after a few days of exposure29.  Hence we need further tests to tell whether the jays will eventually recognize themselves.  The self-recognition hypothesis predicts that the Mirror group will gradually reduce their recaching until it (1) resembles that in the Not-observed group, and (2) is lower than that in the Observed group.  Birds may be learning simply that recaching is unnecessary, because their caches are never actually pilfered (this is the case for Merriam’s kangaroo rats60), but if this were the case we would see a general reduction in recaching by both the Observed and the Mirror groups until both resembled the Not-observed group.

That stone caching and recaching remained fairly uniform suggests that birds do not attribute food value to stones (if so, they would have recached stones with the same pattern as hazelnuts).  It also suggests that the birds had not sought to deceive observers (or mirrors) by caching stones where they might have cached hazelnuts.  Alternatively, caching may be rewarding anyway, independently of food value15. 

Why did the birds cache fewer hazelnuts with successive trials?  They may be learning to regard humans as agents that remove their caching trays, and hence to cache elsewhere in their cages.  The novelty of hazelnuts may have worn off (see Experiment 1 for the birds’ usual diet).  Manipulation of cages and apparatus may have made birds progressively more stressed; the food-deprivation regime was also slightly harsher than that for experiment 1, and they began begging on the last few trials (pers. obs.), so they may have become progressively hungrier.  They may therefore have been increasingly likely to eat rather than cache any food I gave them. 

Why did the birds prefer to cache stones ?  Corvids do cache inedible items16; caching motivation is sometimes so strong that jays kill and cache offspring
.  Hence, that the jays cached stones at all is not surprising.  The heavier stones may be construed as a better resource (e.g. European Jays prefer heavier items10).  More likely is a novelty effect of baking beads, or even simply general hunger.  Feeding and caching in jays may be independently controlled15;  if birds are hungry, they can eat hazelnuts, reducing the number available for caching. Stones, though, they can only cache.  

Implications of the finding

After only a short period of pre-exposure, that scrub jays should not recognize themselves in mirrors is unsurprising.  There is only tentative (and in some cases, unrepeatable26) evidence that any birds recognize their own images.  What is interesting is that this result is not especially tentative, and should mark the beginning of a longer overall test of how scrub jays treat mirrors.  With further experiments of this kind, we will be able to see whether self-recognition emerges, and if so, trace its development in a rigorous way.  

Excitingly, a subsequent study has shown that the jays may indeed develop mirror self-recognition.  Emery, Dally & Clayton (in prep)86 found no difference among jays in their equivalent Mirror group and those in the Not-observed group, both being obviously different from the Observed group.

Ideal subjects for studying self-recognition in other species would be kangaroo rats60, which changed their caching strategy in the presence of a conspecific.  With non-storing species, a similar approach may still be helpful.  One would determine whether a Mirror group resembled an Observed group (implies non-recognition), a Not-observed group (implies either inattention or self-recognition) or neither group (inconclusive), in a behaviour that differs when performed in a social context.  Correlations with existing literature on mirror self-recognition in non-human animals, especially primates, may begin to clarify which mirror-guided behaviours are the best correlates of self-recognition.  Results from different species should be integrated in a phylogenetic manner, as in Inoue-Nakamura (1997)46.

Mirror self-recognition is a field especially hampered by subjectivity in interpreting animals’ behaviour: that this study can be fairly firm in its conclusion is therefore important.  It does not answer the question “what exactly does mirror self-recognition prove?”, but goes some way towards eliminating one of the sources of ambiguity in the field of mirror self-recognition: that is the question “are we really testing mirror self-recognition, rather than just nebulous mirror-guided actions?”. 

General discussion

Gallistel (1990)28 stressed that experiments asking questions about animals’ cognitive capabilities must be designed in an ecologically relevant way:  
Historically at least, there has been a tendency for experimental psychologists to assume that the behaviour selected for study in a learning experiment is arbitrary, that key pecking is as good an index of underlying learning as any other.  From a zoological standpoint, this is not a plausible assumption. (p.290)

By Gallistel’s appraisal of the problem, many recent studies fall into exactly such “implausible assumptions”.  For example, animals probably never experience vertical mirrors in nature (still water may approximate to a horizontal mirror), so interpretation of their behaviour towards a mirror is automatically confounded by unnatural conditions.  Cross-species studies using blanket criteria have the additional problem of species differences in behaviour towards conspecifics.  As a single example, chimpanzees treat direct eye contact as a friendly gesture while monkeys treat it as an aggressive threat79 – hence, it is unsurprising that chimps rather than monkeys develop mirror-guided body inspection.

Food-caching behaviour is an excellent milieu within which to conduct experiments on bird memory and planning, because it happens perfectly spontaneously in food-storers in the wild and in captivity and is very easily observed and manipulated13.  However, this does not allow us to be careless in experimental design.  Experiments in a laboratory, with caged birds, may well not produce entirely natural patterns of food-caching.  For example, chickadee behaviour is different with ad-lib feeding (captivity) and when food is unpredictable (in nature)89.

Experiment 1 tested for a predicted behavioural switch based on manipulation of a remote reward.  Beyond a “yes” or “no” answer, interpretations of behaviour in ecological terms must be extremely guarded given that the experiment was conducted in captivity.  Similarly, experiment 2 used birds’ caching and recaching behaviour as an assay to determine how they interpret their mirror image.  Previous experiments23 have discovered differences in recovery/recaching behaviour when a bird was alone at caching and when it was observed by another bird.  Hence, that birds do recache more when in front of a mirror tells us that they probably treat the mirror as a conspecific.  

Both results are essentially binary, one way or the other.  Neither result requires corroboration from the field to confirm that the behaviour is naturalistic.  By contrast, the observation upon which experiment 2 is based (that birds recache food more often if they were observed by a conspecific during caching) would be strengthened by field results, as captivity may impinge upon the animals’ behaviour in unanticipated ways.  Woolfenden has reported this behaviour in Florida scrub jays
.

In experiment 1, I tested proposed behavioural indicators of future planning, which may depend mental time travel ability, which itself may be contingent upon complex cognition.  I did not test for autonoetic consciousness.  If jays can plan for the future, this would therefore only be the first step in testing whether they indeed have the complex cognitive abilities claimed to be unique to humans, and would not say anything about autonoetic consciousness.  However, I could not rule out explanations of my data based either on operant conditioning or on rule-based tactics triggered by information about food perishability, like “soft items degrade”.  Further testing is clearly required in this area.

Experiment 2 tested mirror self-recognition, which also may require complex cognition, using a new deductive approach.  I showed that jays do not recognize their images after a short time of prior exposure to mirrors.  This constitutes the first step in a larger study: subsequent results look excitingly like they may show true mirror self-recognition.

Conclusion

Experimental research into complex cognitive capacities of non-humans tends to be primate-centric, subjective, and of little ecological relevance to the study animal.  The findings presented here, along with ongoing research, are promising with respect to scrub jays’ cognitive abilities, but are also examples of how research into complex cognition can be conducted with minimal subjectivity.  More results like the ones presented here are needed, and they should be integrated into a phylogenetic framework, before attempts are made to discuss general patterns in the evolution of complex cognitive abilities in animals.
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Appendix 1

Generalized linear models

A GLM uses a regression approach to ANOVA, i.e. it fits coefficients to predictor variables.  If the predictor variable is a factor, it estimates a mean for each group, whereas if it is a covariate it estimates the slope of the best-fit line.  To assess the statistical significance of each component of the regression model (main effects and interactions), GLM uses a log-likelihood method of fitting a model with the relevant component included (plus all other explanatory components), then removes it to see by how much the unexplained variation increases.  If the model's fit to the data becomes substantially worse, then the component must have been a powerful predictor of variation in the data.  Taking a component out like this is equivalent to performing a statistical test with the degrees of freedom of the removed component.   With data that are binomially or poisson distributed, the increase in deviance resulting from dropping a component from the model is distributed as (2 (with normally distributed data it would be equivalent to an F-test), and is then compared with tables of critical values as usual. Components that do not explain significant proportions of the variation are permanently dropped from the model, whilst significant components are retained, resulting in a minimal sufficient model after all components have been assessed.   

Using bird as a within-subject factor avoids pseudoreplication – important because I have not used different birds for every trial (i.e. I have done repeated measures on the same birds).  If the experiment had been analysed using normal errors and a two-way repeated-measures ANOVA, getting the correct error term for testing the Group effect would be crucial.  However, GLIM 4.0 uses a maximum likelihood method of fitting curves under a binomial error structure, allowing log-likelihood testing, a completely different basis. The strategy is to fit a learning curve (line) for each bird across trials, then look for average differences in the fitted lines for each group (as opposed to fitting one line for each group with replicated points per trial, which would be thrown out by outliers, and has the wrong number of error degrees of freedom). This gives four slopes per group, structuring the test essentially like a one-way ANOVA.

Error structure 

The distribution of data values around the mean is known as the error structure.  With normally-distributed errors, this has a bell-shaped curve.  Different error structures are appropriate for different types of observation, and must be decided upon before statistical analysis is performed.  

For caching data, we cannot assume normally distributed errors.  Some birds hardly cached anything, and the numbers are close to zero: with normal errors one assumes that there are no boundaries to the data, and hence that numbers can go below zero – in this case obviously impossible.  For "proportion of waxworms cached", binomial errors are appropriate because they assume data are bounded by zero and one, and data for each trial are independent counts of waxworms out of a total number of items cached (independent among birds in a group).  Poisson errors are appropriate for analysing "total number of items/waxworms/peanuts cached", because they assume data are bounded by a single lower limit of zero.  The Poisson assumes that the probability of caching is rare, though, which may be a less appropriate assumption, depending upon whether caching is infrequent or not overall.  The variance of Poisson data should be equal to the mean.  In GLIM 4.0 the fit to this assumption is tested by dividing the fitted model's residual deviance by its degrees of freedom.  In this study, this value was generally closer to 2 than to 1 indicating slightly overdispersed data.  This overdispersion is supported by (a) plots of the residuals - they resemble normal distributions (poisson distributions converge on normals when successes become common) and (b) the probability of caching is, from observation, not very small.  To correct for this, I applied a conversion factor (as recommended by Crawley 199320, p. 261).

The Dunn-Sidak correction 

This must be applied when contrasts are non-orthogonal, that is, non-independent. This can happen when two or more contrasts use the same groups, so any sampling errors appear in both contrasts. This is automatically the case if one performs more contrasts than the number of degrees of freedom for the overall difference among the groups.  The Dunn-Sidak correction adjusts the critical threshold for significance downward, making the test more stringent.  The new threshold for significance is equal to  

p' = 1 - (1 - p)1/k
Where p’ = new threshold, p = old threshold, and k = number of contrasts.

Appendix 2

GLM tables: experiment 1

	A1. Proportion of waxworms cached out of the total number of items cached  

    (GLM with binomial errors,  divisor = total number of items cached)

	Factor
	Change in deviance  (=(2)
	Degrees of freedom
	Significance

	Group/bird
	634.
	02
	21
	

	Trial
	67.
	00
	1
	<0.001

	Group x trial
	197.
	8
	4
	<0.001

	a priori contrasts:-
	
	
	
	Significance


	D slope >  P slope
	8.
	86
	1
	p=0.003ns


	R vs P
	20.
	32
	1
	<0.001b

	RP vs RD
	0.
	56
	1
	ns


	P vs RP
	72.
	30
	1
	<0.001

	R versus RP
	8.
	13
	1
	<0.01

	Retention interval
	15.
	32
	1
	<0.001

	Group x r.i.
	2.
	99
	4
	ns

	Residual (with maximal model)
	294.
	42
	163
	

	Total (i.e. without model)
	1208.
	7
	190
	


	A2. Total number of waxworms cached 

    (GLM with Poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Group/bird
	371.
	72
	21
	<0.001

	Trial
	  43.
	64
	1
	<0.001

	Group x trial
	  72.
	20
	4
	<0.001

	a priori contrasts:-
	
	
	
	Significance

	D slope >  P slope
	3.
	90
	1
	p=0.024nsb

	R vs P
	11.
	38
	1
	<0.001b

	RP vs RD
	0.
	10
	1
	ns

	P vs RP
	24.
	75
	1
	<0.001

	R vs RP
	3.
	10
	1
	ns

	Group x r.i.
	   1.
	63
	4
	ns

	Residual (with maximal model)
	181.
	27
	171
	

	Total (i.e. without model)
	668.
	78
	197
	


	A4. Total number of peanuts cached 

    (GLM with Poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Group/bird
	254.
	42
	21
	<0.001

	Trial
	   2.
	02
	1
	ns

	Group x trial
	 23.
	51
	4
	<0.001

	a priori contrasts:-
	
	
	
	Significance

	D slope >  P slope
	0.
	47
	1
	nsb

	R vs D
	4.
	28
	1
	<0.01b

	R vs P
	2.
	03
	1
	nsb

	R vs RD
	2.
	93
	1
	ns

	P versus RP
	9.
	47
	1
	<0.01

	Retention interval
	   3.
	91
	1
	p=0.048ns

	Group x r.i.
	   6.
	02
	4
	ns

	Residual (with maximal model)
	173.
	71
	171
	

	Total (i.e. without model)
	457.
	54
	197
	


GLM tables: experiment 2

Hazelnuts

	A5. Number of hazelnuts cached (GLM with poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	194.
	70
	7
	

	Treatment
	0.
	15
	2
	ns

	Trial
	10.
	25
	1
	<0.005

	Treatment x trial
	5.
	08
	2
	ns

	Residual (with maximal model)
	60.
	33
	37
	

	Total (i.e. without model)
	255.
	77
	45
	


	A6. Proportion of hazelnuts cached 

(GLM with binomial errors; divisor = total number of items cached)

	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	71.
	29
	7
	

	Treatment
	0.
	28
	2
	ns

	Trial
	8.
	43
	1
	<0.005

	Treatment x trial
	8.
	75
	2
	<0.05

	Residual (with maximal model)
	45.
	77
	38
	

	Total (i.e. without model)
	120.
	61
	45
	


	A7. Number of hazelnuts recached (GLM with poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	63.
	91
	7
	

	Treatment
	4.
	59
	2
	ns

	Trial
	0.
	35
	1
	ns

	Treatment x trial
	1.
	97
	2
	ns

	Residual (with maximal model)
	45.
	77
	38
	

	Total (i.e. without model)
	120.
	61
	45
	


	A8. Number of hazelnuts recached in new sites (GLM with poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	20.
	91
	7
	

	Treatment
	6.
	03
	2
	<0.05

	a priori contrasts:-
	
	
	
	Significance

	Mirror vs. Observed
	0.
	000001
	1
	ns

	Mirror vs. Not-observed
	5.
	06
	1
	<0.025

	Trial
	0.
	01
	1
	ns

	Treatment x trial
	7.
	17
	3
	ns

	Residual (with maximal model)
	20.
	50
	36
	

	Total (i.e. without model)
	48.
	22
	45
	


	A9. Proportion of hazelnuts recached out of those recovered 

(GLM with binomial errors; divisor = number of hazelnuts recovered)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	8.
	83
	6
	

	Treatment
	8.
	46
	2
	<0.05

	a priori contrasts:-
	
	
	
	Significance

	Mirror vs. Observed
	3.
	28
	1
	ns

	Mirror vs. Not-observed
	8.
	32
	1
	<0.01

	Trial
	0.
	02
	1
	ns

	Treatment x trial
	3.
	68
	2
	ns

	Residual (with maximal model)
	25.
	45
	18
	

	Total (i.e. without model)
	33.
	80
	20
	


	A10. Proportion of hazelnuts recached out of those cached 

(GLM with binomial errors; divisor = number of hazelnuts cached)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	9.
	84
	7
	

	Treatment
	7.
	54
	2
	<0.05

	a priori contrasts:-
	
	
	
	Significance

	Mirror vs. Observed
	0.
	01
	1
	ns

	Mirror vs. Not-observed
	5.
	40
	1
	<0.025

	Trial
	0.
	43
	1
	ns

	Treatment x trial
	2.
	50
	2
	ns

	Residual (with maximal model)
	42.
	89
	22
	

	Total (i.e. without model)
	48.
	83
	24
	


	A11. Proportion of hazelnuts recovered out of those cached 

(GLM with binomial errors; divisor = number of hazelnuts cached)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	22.
	78
	7
	

	Treatment
	6.
	86
	2
	<0.05

	a priori contrasts:-
	
	
	
	Significance

	Mirror vs. Observed
	2.
	51
	1
	ns

	Mirror vs. Not-observed
	0.
	06
	1
	ns

	Trial
	0.
	44
	1
	ns

	Treatment x trial
	3.
	57
	2
	ns

	Residual (with maximal model)
	32.
	36
	15
	

	Total (i.e. without model)
	59.
	01
	24
	


Stones

	A12. Number of stones cached (GLM with poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	118.
	32
	7
	

	Treatment
	1.
	49
	2
	ns

	Trial
	1.
	14
	1
	ns

	Treatment x trial
	4.
	11
	2
	ns

	Residual (with maximal model)
	64.
	58
	38
	

	Total (i.e. without model)
	182.
	16
	45
	


	A14. Number of stones recached (GLM with poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	31.
	34
	7
	

	Treatment
	5.
	29
	2
	ns

	Trial
	11.
	38
	1
	<0.001

	Treatment x trial
	3.
	75
	2
	ns

	Residual (with maximal model)
	84.
	28
	38
	

	Total (i.e. without model)
	95.
	20
	45
	


	A15. Number of stones recached in new sites (GLM with poisson errors)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	25.
	29
	7
	

	Treatment
	4.
	64
	2
	ns

	Trial
	8.
	44
	1
	<0.005

	Treatment x trial
	1.
	51
	2
	ns

	Residual (with maximal model)
	31.
	68
	37
	

	Total (i.e. without model)
	64.
	86
	45
	


	A16. Proportion of stones recached out of those recovered 

(GLM with binomial errors; divisor = number of hazelnuts recovered)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	22.
	82
	7
	

	Treatment
	2.
	24
	2
	ns

	Trial
	6.
	01
	1
	<0.05

	Treatment x trial
	3.
	41
	2
	ns

	Residual (with maximal model)
	22.
	47
	24
	

	Total (i.e. without model)
	47.
	64
	32
	


	A17. Proportion of stones recovered out of those cached 

(GLM with binomial errors; divisor = number of hazelnuts cached)



	Factor
	Change in deviance  (= (2)
	Degrees of freedom
	Significance

	Bird
	10.
	78
	7
	

	Treatment
	6.
	27
	2
	<0.05

	a priori contrasts:-
	
	
	
	Significance

	Mirror vs. Observed
	2.
	14
	1
	ns

	Mirror vs. Not-observed
	4.
	57
	1
	ns

	Trial
	4.
	98
	1
	<0.05

	Treatment x trial
	4.
	19
	2
	ns

	Residual (with maximal model)
	74.
	03
	33
	

	Total (i.e. without model)
	91.
	73
	42
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Fig. 1.1  Bird number 21 caching a worm.
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Fig 2.1b.  Experimental setup for all groups at the recovery stage.





Fig 2.1a.  Experimental setup for treatment groups at the caching stage.
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� (= A.coerulescens var. coerulescens – a recent taxonomic change; see Emery & Clayton 200224.


� cited in Suddendorf (1994)68.


� all cited in Suddendorf & Corballis (1997)70


� cited in Shettleworth (1998)64.


� both cited in Shettleworth (1998)64.


� a downloadable video of a jungle crow in front of a mirror, displaying such behaviour, can be seen on the Web at: http://www.link.springer.de/link/service/journals/10071/supp/2000/056/056.htm


� examples cited in Kusuyama et al (2000)48


� examples cited in Emery & Clayton (2001)23


� NS Clayton, pers. comm.


� NS Clayton, pers. comm.


� threshold = 0.01 using the Dunn-Sidak correction for non-orthogonality� ADDIN EN.CITE <EndNote><Cite><Author>Barnard</Author><Year>2001</Year><RecNum>5</RecNum><MDL><REFERENCE_TYPE>1</REFERENCE_TYPE><AUTHORS><AUTHOR>Barnard, C.J</AUTHOR><AUTHOR>Gilbert, F.S</AUTHOR><AUTHOR>McGregor, P</AUTHOR></AUTHORS><YEAR>2001</YEAR><TITLE>Asking Questions in Biology</TITLE><PLACE_PUBLISHED>London</PLACE_PUBLISHED><PUBLISHER>Pearson Education</PUBLISHER><EDITION>2nd</EDITION></MDL></Cite></EndNote>�5�


� one-tailed because the prediction was of a particular direction of difference 


� not significant





[image: image13.wmf]Fig. 2.4.  Mean±se numbers of hazelnuts and stones cached for the 

three treatment groups.  Both food types were cached in similar numbers 

by all groups (hazelnuts, 
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=0.15, ns; stones, 
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=1.49, ns).
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Fig. 2.5.  Mean±se proportions of hazelnuts cached out of the total 

numbers of items cached.  The apparent difference is non-significant 

(
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=0.28, ns) 
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[image: image14.wmf]Fig. 2.6.  Mean±se numbers of items recaching in new sites for the three 

treatment groups.  For hazelnuts, Mirror recached more than Not-observed 

(

c

²

1

=5.06, p<0.025*), but similar numbers to Observed (

c

²

1

~0.00, ns).  

For stones, there was no significant difference among treatments (
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=

4.10, ns), although there appears to be a slight trend similar to that for 

hazelnuts.

*The Dunn-Sidak adjusted threshold for significance (Appendix 1)
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Fig 2.7a. Mean±se proportions of items recached out of those recovered 

for the three treatment groups. Mirror group recached more than 

Not-observed (

c

²

1

=8.32, p<0.01) but were similar to Observed (

c

²

1

=3.28, ns).

For stones, there were no differences among treatments (
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²

2

=2.24, ns).

b.  Mean±se proportions of items recovered out of those cached. 

For both food types there were differences among groups (nuts, 

c

²

1

=6.86, p<0.01; stones, 

c

²

1

=6.27, p<0.01), but neither planned 

contrast showed a significant effect of treatment (Nuts: Mirror vs. 

Observed, 
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=2.51, ns; Mirror vs. Not-observed, 
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²

1

=0.06, ns; 

Stones: Mirror vs. Observed, 

c

²

1

=4.57, ns; Mirror vs. Not-observed, 

c

²

1

=2.14, ns).

[image: image16.wmf]Fig 2.3.  Overall caching pattern over trials (mean±se numbers of 

stones and hazelnuts cached).  The apparent decrease is significant 

for hazelnuts (

c

²

1

=10.25, p<0.001) but not for stones (

c

²

1

=1.14, ns).

However, trial and 

treatment 

did not interact (nuts, 

c

²

2

=5.08, ns; 

stones, 

c

²

2

=4.11, ns).
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Fig 1.2a.  Mean±se numbers of waxworms and peanuts cached on the first

trial for different groups.  The differences are significant for waxworms 

(

c

2

4

=10.74, p<0.05), but not for peanuts (

c

2

4

=4.04, ns).

b. Mean±se proportions of waxworms cached on the first trial for different

groups.  The differences are also significant (

c

2

4

=16.64, p<0.01).  Note that

birds in the Degrade group cached a 

high

 proportion of waxworms.
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Fig 1.6. Number of peanuts cached over trials for individual birds in different groups. Again 

the pattern was different for different groups (

c

²

4

=23.51, p<0.001).  Degrade did not change 

more sharply than, or differ from, Pilfer (

c

²

1

=0.47, ns).  Replenish differed from Degrade 

(
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1

=4.28, p

1-t

<0.01), but not Replenish/degrade (
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=2.93, ns) or Pilfer (
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=2.03, ns). 

Replenish/pilfer differed from Pilfer (
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=9.47, p<0.01).

[image: image19.wmf]Fig. 2.2.  Overall mean±se numbers of the different food types cached.

Stones were preferred over hazelnuts (Non-parametric sign test for two

samples, Z=4.47, p<0.0001).
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[image: image20.wmf]Fig 1.3.  Overall caching behaviour over successive trials.  Waxworm caches 

decreased both proportionately (
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²
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=67.02, p<0.001) and absolutely 

(
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1

=43.64, p<0.001), as did total numbers of items cached (
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=15.70, 

p<0.001).  Peanut caches did not change with trials (
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1

=2.02, ns).
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b. Pilfer group
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Fig 1.5. Number of waxworms cached over trials for individual birds in different groups. 

Again the pattern was different for different groups (

c

²

4

=72.20, P<0.001).  Although the 

difference approached significance, Degrade did not decrease more steeply than Pilfer 

(

c

²

1

=3.90, p

1-t

=0.024ns*). Pilfer differed from Replenish (

c

²

1

=11.38, p

1-t

<0.001) and 

Replenish/pilfer (

c

²

1

=24.75, p<0.001). Replenish/pilfer were similar to Replenish/degrade 

(

c

²

1

=0.10, ns) and Replenish (

c

²

1

=3.10, ns).
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