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Abstract 23 

Behavioural flexibility can be described as the ability to use information and generalise 24 

it across contexts. Social living is thought to favour behavioural flexibility. We used a 25 

food-storing (caching) paradigm, during which individuals either ate or cached food 26 

under different conditions, to investigate whether they could flexibly adjust their 27 

caching behaviour when observed by conspecifics and heterospecifics. We examined 28 

the location and number of caches made by two corvid species differing in sociality, 29 

highly social pinyon jays (Gymnorhinus cyanocephalus) and less social Clark9s 30 

nutcrackers (Nucifraga columbiana). Although pinyon jays cached a similar amount of 31 

food across conditions, they allocated more caches to areas less accessible to the 32 

observer when the observer spent more time close to the caching locations. Nutcrackers, 33 

however, reduced the number of seeds cached when observed by another nutcracker in 34 

comparison to when they cached alone, but did not significantly change their caching 35 

behaviour when observed by a pinyon jay. The differences in cache protection 36 

strategies, and the social cues (e.g., presence and behaviour of an observing bird) that 37 

elicit them, may be explained by the species9 social organisation. Overall, our results 38 

provide insight into understanding how pressures associated with the social 39 

environment may influence foraging behaviours. 40 

Keywords: caching, conspecifics, corvids, heterospecifics, nutcrackers, pinyon jays 41 
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Highly social pinyon jays, but not less social Clark9s nutcrackers, modify their 42 

food-storing behaviour when observed by a heterospecific. 43 

 44 

Behavioural flexibility, the ability of an animal to adapt its behaviour to novel 45 

circumstances, is thought to be one key component of complex cognition1. Flexible 46 

behaviour may have evolved in species whose environment is highly unpredictable2. 47 

For example, species living in groups with changing relationships (e.g., fission-fusion) 48 

may display more behavioural flexibility than less social species2-5, as individuals in 49 

complex social groups need to rapidly adjust their behaviour to dynamic social 50 

environments. In such environments, it would be beneficial for individuals to switch 51 

among behavioural strategies that best fit the current situation, but also to apply 52 

adaptive behaviour to novel contexts. 53 

Corvids are a taxonomic family of birds that are reported to possess many 54 

sophisticated cognitive abilities, some of which rival those of primates6-8 such as tool 55 

use9, future planning10, and mirror self-recognition11-12. Corvid species differ in their 56 

social organisations along a spectrum, which makes them ideal candidates for 57 

investigating the relationship between sociality and behavioural flexibility. For 58 

example, pinyon jays (Gymnorhinus cyanocephalus) live in flocks of hundreds of 59 

individuals with high fission-fusion dynamics13-14, whereas Clark9s nutcrackers 60 

(Nucifraga columbiana) are less social, with a social group consisting of the mating 61 

pair and offspring of the year13,15. Hence, if the demands of a complex social life co-62 

evolve with behavioural and social flexibility, then pinyon jays might be expected to 63 

show a more flexible behavioural repertoire than Clark9s nutcrackers.   64 
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The socio-cognitive abilities of corvids are often assessed by their food-caching 65 

behaviours. Caching refers to the behaviour of storing food to survive when resources 66 

in the environment are scarce16. To protect their food caches from theft, corvids engage 67 

in a suite of cache protection strategies, during which individuals flexibly change their 68 

foraging behaviour depending on whether they are being observed. A well-studied 69 

example is the California scrub jay (Aphelocoma californica), which supresses caching 70 

in the presence of conspecifics17, caches in locations that are less visible to the 71 

observer17, and selectively re-caches food items in new locations after the observing 72 

bird has left6.  73 

To date, most studies examining cache protection strategies by corvids have focused 74 

on moderately social species (e.g., scrub jays6,17) and less-social species (e.g., 75 

nutcrackers18; adult ravens13; Eurasian jays19). In contrast, few studies have addressed 76 

the challenges encountered by highly social species (but see20-21), and no studies have 77 

directly compared the caching behaviour of highly social and less-social species using 78 

the same paradigm. Hence, we examined the caching behaviour of highly social pinyon 79 

jays and of less-social Clark9s nutcrackers when in the presence of a conspecific 80 

observer, as well as when in the presence of a heterospecific observer. Displaying cache 81 

protection strategies when observed by a heterospecific may require even greater 82 

cognitive and behavioural flexibility, as the cacher must generalise the threat of losing 83 

their caches to a different species22 and appropriately modify its caching behaviour. We 84 

also examined whether cachers changed their foraging behaviour based on social cues 85 

provided by the observing bird during caching and pilfering. If living in complex social 86 

structures influences behavioural flexibility, then highly social pinyon jays should be 87 

more likely to generalise their cache protection strategies when faced with novel 88 

heterospecific observers than less-social Clark9s nutcrackers, but also that pinyon jays 89 
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would adjust their foraging behaviour based on more subtle social cues than Clark9s 90 

nutcrackers. 91 

  92 

Methods 93 

Subjects 94 

Pinyon jays and Clark9s nutcrackers served as caching birds (herein referred as 95 

<cachers=; n = 10 for each species, five female jays and six female nutcrackers) or as 96 

observing birds (herein referred as <observers=; two females for each species). All 97 

individuals were captured as adults from populations around Flagstaff (Arizona, USA) 98 

and were in captivity for approximately seven to ten years prior to this study. Five of 99 

the nutcracker cachers had previous experience with caching paradigms11,18,23; the five 100 

other nutcracker cachers, and all ten pinyon jay cachers had previous unrelated 101 

experimental experience (e.g., concept learning24-25; exploratory behaviour26). 102 

All birds were housed in individual cages (pinyon jays: 51 x 51 x 72 cm, 103 

nutcrackers: 82 x 54 x 76 cm, width x depth x height, respectively), with multiple wood 104 

perches, at the University of Manitoba, Canada. Pinyon jays were housed in a colony 105 

room alongside California scrub jays, whereas nutcrackers were kept in a species-106 

specific colony room. All colony rooms were maintained at 22°C with a 12:12 day-107 

night cycle, with light onset at 0700 (Central Daylight time). These temperature and 108 

lighting conditions correspond to the average temperature and photoperiod during 109 

September in Flagstaff (USA), the peak caching season for pinyon jays and Clark9s 110 

nutcrackers. Birds were given ad libitum water and grit. When not experiencing the 111 

food restriction procedure (see General procedures below), birds were fed a regular diet 112 

consisting of a mixture of parrot pellets, turkey starter, sunflower seeds, mealworms, 113 
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peanuts, powder of oyster shells, and the vitamin powder supplement Prime®. Birds 114 

were monitored and weighed daily to ensure a healthy weight during the experiment. 115 

All applicable international, national, and institutional guidelines for the care 116 

and use of animals were followed. Our research protocol was approved by University 117 

of Manitoba9s Animal Care Committee (#F2014-037) and complied with the guidelines 118 

set by the Canadian Council on Animal Care. 119 

Caching Apparatus 120 

The caching apparatus was the same as used in Vernouillet et al.21. The 121 

experiment was conducted in an experimental room, separated from the colony room. 122 

Individual birds were tested in a cage (123.5 x 63.5 x 74.5 cm, width x depth x height), 123 

divided into two equally-sized compartments. The entire cage was surrounded by white 124 

curtains (Figure S1; also Figure 1 from Vernouillet et al. 21). A transparent acrylic 125 

divider separated the two compartments, each of which contained a perch. One 126 

compartment served as the <caching compartment=, whereas the other served as the 127 

<observing compartment=.  128 

Within the caching compartment, cachers were given two plastic ice cube trays 129 

(49.5 x 11 cm, length x width) each with 2 rows of 13 wells filled with sand. Trays were 130 

made visually distinctive by affixing coloured plastic MegaBlocks# at the base of each 131 

tray. Each cacher received the same pair of distinct trays throughout the study, but the 132 

arrangement of colored blocks differed across subjects. One tray (hereafter referred to 133 

as the <pilfered tray=) was positioned parallel and flush against the acrylic cage divider, 134 

whereas the other tray (hereafter referred to as the <safe tray=) was positioned on the 135 

opposite wall of the caching compartment (i.e., parallel to the first tray). A food dish 136 

was placed in the caching compartment beside the cage door, between the two trays 137 
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(Figure S1). All trials were recorded using an EverFocus® 1/322 color digital camera 138 

positioned either beside or above the experimental cage and using the motion tracking 139 

program, BiObserve® through Windows XP.  140 

General Procedures 141 

The experimental procedures were the same as Vernouillet et al. 21. Briefly, each 142 

bird was given a weekly experimental session. Cachers were food deprived for 24h 143 

before the start of the Caching phase, by removing all the food from their home cage. 144 

This procedure created food uncertainty and motivated individuals to cache18,21,27. The 145 

session started with a 45-min Caching phase, during which the cacher was provided 146 

with a dish of 50 pine nuts to cache or consume. The observing compartment was 147 

arranged as per the condition to be completed that session (see Conditions below). This 148 

phase was immediately followed by a 3-min Pilfering phase, during which the pilfered 149 

tray was placed in the observing compartment, alongside the divider and in the same 150 

orientation as during the Caching phase. The safe tray was placed on a stool outside of 151 

both compartments (remaining visible, but inaccessible to both birds). Upon the 152 

completion of the Pilfering phase, all birds were returned to the colony room. After a 153 

one-hour delay, the cacher was given a 5-min Re-caching phase, during which both 154 

trays were returned to the cacher, such that they could eat or re-cache (i.e., move a pine 155 

seed to a different location from where it was previously cached) some of the seeds 156 

while alone. A re-cache was thus recorded when a pine seed was found in a different 157 

well of either the same tray or the opposite tray, compared to where it was originally 158 

placed. Upon completion of the Re-caching phase, the cacher was returned to the 159 

colony room and provided with a small amount of food to ensure a healthy bodyweight 160 

was maintained, while ensuring the bird would remain motivated to retrieve its caches 161 

the following day. During the Retrieving phase, which occurred 24 hours after the 162 
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completion of the Caching phase, the cacher was placed in the caching compartment 163 

with the safe and pilfered trays, unaltered from the previous Re-caching phase. The 164 

cacher was permitted 45 minutes to consume or re-cache the previously cached pine 165 

seeds, during which the observing compartment of the caching cage was empty (i.e., 166 

retrieval was always conducted while alone). Additional Retrieving phases were 167 

administered, on the following day, every three hours if necessary, until the cacher 168 

recovered the entirety of its caches. After each phase, the researcher recorded the 169 

number and location of each pine seed (for more details, see Supplementary Material, 170 

or Vernouillet et al. 21).   171 

Conditions. After three weeks of baseline trials during which individuals 172 

experienced the exact same procedure as during the experiment in private (similar to 173 

the Alone condition), each cacher experienced three blocks of four conditions (Alone, 174 

Conspecific, Heterospecific and Object), with each condition randomly selected and 175 

not repeated within the same block. Each condition refers to what (if anything) was 176 

present in the observing compartment during the Caching and Pilfering phases. 177 

Observers did not participate as cachers to exclude potential effects of pilfering 178 

experience on their caching behaviour28. The pairing of observers to cacher remained 179 

consistent throughout the experiment (each observer watched five cachers of each 180 

species). 181 

Alone. During the Caching phase, the observing compartment remained empty 182 

(Figure 1a). During the Pilfering phase, the pilfered tray was placed in the empty 183 

observing compartment for three minutes, and the pine seeds cached in that tray 184 

remained undisturbed. This condition was conducted to assess the baseline caching 185 

behaviour of cachers and was used to assess whether exposure to the experimental 186 

conditions changed the caching behaviour of individuals. 187 
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Object. During the Caching phase, an inanimate object (a black water bottle, 188 

27.5 x 7.0 cm, height x diameter) was affixed to the perch in the observing compartment 189 

(Figure 1b). During the Pilfering phase, the pilfered tray was placed in the observing 190 

compartment with the object for three minutes, whereas the safe tray was placed on a 191 

stool outside of the cage, remaining visible to the cacher. The experimenter removed 192 

pine seeds from the pilfered tray after the Pilfering phase (but before the Re-caching 193 

phase). Pilfering rate was kept consistent across individuals by removing 33% of pine 194 

seeds cached during the first and second blocks, and 50% of pine seeds cached during 195 

the third block, to resemble natural variation of the pilfering rate in the wild29. Both 196 

trays were given back to the cacher during the Re-caching phase. This condition served 197 

as a control to determine whether the cacher modified its caching behaviour in response 198 

to cache loss, and when compared with the Conspecific and Heterospecific conditions, 199 

assessed the importance of social and motion cues in the display of cache protection 200 

strategies. 201 

Conspecific. During the Caching phase, a bird of the same species as the cacher 202 

occupied the observing compartment (Figure 1c). During the Pilfering phase, the 203 

pilfered tray was placed in the observing compartment with the observer, who was 204 

given three minutes to access the tray in view of the cacher. The safe tray was placed 205 

on an inaccessible stool outside of the cage, but visible to both birds. If the observer did 206 

not pilfer enough seeds according to the pilfering rate described for the Object 207 

condition, additional pine seeds were removed by the experimenter after the Pilfering 208 

phase (but before the Re-caching phase). Similarly, if the observer pilfered more seeds 209 

than the standardized threshold, the experimenter added caches back in the tray after 210 

the Pilfering phase (but before the Re-caching phase). In both cases, the experimenter 211 

adjusted the seed number such that all areas of the tray were pilfered equally. This 212 
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condition was conducted to assess whether the presence and behaviour of a conspecific 213 

observer influenced the cacher9s behaviour. 214 

Heterospecific. This condition was conducted as during the Conspecific 215 

condition, with the exception that the bird in the observing compartment was of a 216 

different species than the cacher (Figure 1d). This condition was conducted to assess 217 

whether the presence and the behaviour of a heterospecific observer influenced the 218 

cacher9s behaviour. 219 

Behavioural Measures   220 

Dependent variables. During the Caching phase, we examined the number of 221 

pine seeds cached (in the trays and externally) and eaten. During the Re-caching phase, 222 

we examined the proportion of re-cached seeds. This proportion was calculated by 223 

dividing the number of caches found in new locations (compared to the location of 224 

caches documented at the end of the Caching phase) by the total number of pine seeds 225 

remaining after the Re-caching phase. All measures were evaluated at a global-level 226 

(i.e., with respect to the total number of pine seeds cached) and at a tray-level, to 227 

determine whether cachers associated the pilfering risk with the pilfered tray, but not 228 

the safe tray. At the tray level, the proportion of re-cached pine seeds corresponds to 229 

the proportion of pine seeds present in the tray at the end of the Re-caching phase that 230 

were found in new locations in comparison to the locations documented at the end of 231 

the Caching phase.  232 

Behaviour of the observer. From the recorded sessions of the Conspecific and 233 

Heterospecific conditions, we measured the duration (in seconds) the observer spent 234 

interacting with the cacher during the Caching phase and with the pilfered tray during 235 

the Pilfering phase. During the Caching phase, the observer was defined as interacting 236 
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with the cacher when the observer was standing within the third section of the observing 237 

compartment closest to the divider separating the two compartments. During the 238 

Pilfering phase, the observer was defined as interacting with the pilfered tray when 239 

searching in the tray, retrieving pine seeds, or standing on the tray.  240 

Statistical Analyses 241 

We performed analyses separately for each species. We used a generalized 242 

linear mixed model (GLMM) approach for our analyses, with the number of seeds 243 

cached and eaten during the Caching phase and the proportion of seeds re-cached 244 

during the Pilfering phase as dependent variables. Condition, duration of time the 245 

observer spent interacting with the cacher during the Caching phase, and duration of 246 

time the observer spent interacting with the pilfered tray during the Pilfering phase 247 

were included as fixed factors in our models to assess whether the cacher responded to 248 

the observer9s behaviour during the Caching and Re-caching phases. Other fixed 249 

factors included in the models were experimental block and the cacher9s sex. We 250 

performed separate analyses on the number of seeds cached in each tray and the 251 

proportion of seeds re-cached in each tray to determine whether the cachers treated the 252 

two trays differently. For these analyses, we included tray identity (pilfered vs. safe) as 253 

an additional fixed factor. Identity of the cacher was included in all models as a random 254 

factor to account for repeated measures taken on each cacher. Residual plots indicated 255 

assumptions of normality were met for the number of caches made during the Caching 256 

phase. We used the logarithmic number of pine seeds eaten during the Caching phase 257 

and the square root of the proportion of pine seeds that were re-cached during the Re-258 

caching phase to meet the assumptions of normality. Analyses were conducted using R 259 

version 3.3.230 with the lme431, lsmeans32, psych 33, and qpcR34 packages.  260 
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To assess the fit of each model, we used Akaike9s Information Criterion (AIC). 261 

Models were considered equivalent when �AIC < 2.0. We obtained p-values for each 262 

fixed factor (i.e. tray, condition, block, sex, amount of time the observer interacted with 263 

the cacher during the Caching phase, amount of time the observer interacted with the 264 

pilfered tray during the Pilfered phase, block x condition, condition x tray, condition x 265 

block x tray, condition x amount of time the observer interacted with the cacher during 266 

the Caching phase, condition x amount of time the observer interacted with the pilfered 267 

tray during the Pilfered phase, tray x amount of time the observer interacted with the 268 

cacher during the Caching phase, tray x amount of time the observer interacted with 269 

the pilfered tray during the Pilfered phase) using likelihood ratio tests of the model with 270 

the fixed factor in question against the model without the fixed factor in question. 271 

Parameter estimation was achieved using residual maximum likelihood. Post-hoc 272 

analyses were conducted using pairwise comparisons. P-values of post-hoc analyses 273 

were adjusted using the Tukey method to consider multiple comparisons32. Alpha was 274 

set at 0.05 for all statistical analyses.  275 

 276 

Results 277 

Pinyon Jays 278 

Number of pine seeds cached and eaten during the Caching phase. There 279 

were no statistical differences in the overall number of pine seeds cached by pinyon 280 

jays between conditions (M ± SE: Alone: 14.6 ± 2.4, Object: 15.0 ± 2.1, Conspecific: 281 

15.6 ± 2.2, Heterospecific: 16.2 ± 2.2; Ç2
(3) = 0.579, p = 0.901, �AIC = 6.7; Figure 2; 282 

Table S1). No other fixed factors examined in our analyses explained the total number 283 

of seeds cached during the Caching phase by the pinyon jays.  284 
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Instead, we found that pinyon jays preferentially allocated their caches in the 285 

safe tray when observed. The number of pine seeds cached in each tray was best 286 

explained by the duration of time the observer spent interacting with the cacher during 287 

the Caching phase, regardless of the species of the observer (Ç2
(2) = 28.978, p < 0.001; 288 

Table S1). As the observer spent more time interacting with the cacher, the cacher 289 

decreased the number of pine seeds cached in the pilfered tray and increased the number 290 

of pine seeds cached in the safe tray (Intercept: 7.50 ± 1.41 pine seeds; Pilfered tray 291 

estimate: -0.18 ± 0.06 pine seeds/min; Safe tray estimate: +0.24 ± 0.06 pine seeds/min; 292 

Figure 3).  293 

There were no statistical differences in the number of pine seeds eaten by pinyon 294 

jays between conditions (see Supplementary Material, Table S2). 295 

Proportion of re-cached pine seeds during the Re-caching phase. There 296 

were no statistical differences in the proportion of re-cached pine seeds across 297 

conditions by pinyon jays (M ± SE: Alone: 0.24 ± 0.05, Object: 0.20 ± 0.04, 298 

Conspecific: 0.28 ± 0.06, Heterospecific: 0.29 ± 0.07; Ç2
(3) = 2.573, p = 0.462, �AIC = 299 

3.4; Table S3). No other fixed factors considered in our models explained the overall 300 

proportion of re-cached pine seeds during the Re-caching phase by pinyon jays (M ± 301 

SE: 0.25 ± 0.03; Table S3).  302 

The proportion of re-cached pine seeds in each tray was best explained by the 303 

amount of time the observer spent interacting with the cacher during the Caching phase 304 

(Ç2
(2) = 24.315, p < 0.001; Table S3). After the observer spent more time interacting 305 

with the cacher during the Caching phase, there was an increase in the proportion of 306 

pine seeds present in the Pilfered tray that were re-cached (i.e., found in new locations 307 

within the Pilfered tray), but not in the Safe tray, during the Re-caching phase 308 
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(Intercept: 0.378 ± 0.067, Pilfered tray estimate: 0.018 ± 0.006 proportion/min; Safe 309 

tray estimate: -0.000 ± 0.006 proportion/min).  310 

Clark9s Nutcrackers 311 

Number of pine seeds cached and eaten during the Caching phase. The 312 

overall number of pine seeds cached by nutcrackers was best explained by conditions 313 

(Ç2
(3) = 11.953, p = 0.008; Table S4; Figure 2). Nutcrackers cached significantly fewer 314 

pine seeds when observed by a conspecific compared to when caching alone (M ± SE: 315 

Alone: 22.0 ± 1.6; Conspecific: 16.2 ± 1.8; t = 3.39, p = 0.005), and tended to cache 316 

fewer pine seeds when observed by a conspecific than when observed by a 317 

heterospecific (i.e., pinyon jay), though this difference was not significant (M ± SE: 318 

Heterospecific: 20.3 ± 1.8; t = -2.37, p = 0.089). There was no difference in the number 319 

of pine seeds cached when caching alone and when observed by a heterospecific (t = 320 

1.02, p = 0.741). 321 

The number of pine seeds cached in each tray by the nutcrackers was also best 322 

explained by condition (Ç2
(7) = 33.847, p < 0.001; Figure 4, Table S4). Nutcrackers 323 

cached more pine seeds in the pilfered tray than in the safe tray during the Alone (M ± 324 

SE: Pilfered tray: 13.6 ± 1.6, Safe tray: 8.5 ± 1.1; t = 3.152, p = 0.002; Figure 4) and 325 

Object conditions (M ± SE: Pilfered tray: 12.4 ± 1.5, Safe tray: 6.1 ± 1.1; t = 3.867, p = 326 

0.001; Figure 4). During the Conspecific condition, nutcrackers showed an opposite 327 

tendency to cache more pine seeds in the safe tray than in the pilfered tray, but this 328 

difference did not reach statistical significance (M ± SE: Pilfered tray: 6.6 ± 1.1, Safe 329 

tray: 9.6 ± 1.3; t = -3.050, p = 0.061; Figure 4). There were no differences in the number 330 

of pine seeds cached between trays during the Heterospecific condition (M ± SE: 331 

Pilfered tray: 10.9 ± 1.4, Safe tray: 9.4 ± 1.3; t = 0.977, p = 0.330; Figure 4). 332 
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There were no statistical differences in the number of pine seeds eaten by 333 

Clark9s nutcrackers between conditions (see Supplementary Material; Table S5). 334 

Proportion of pine seeds re-cached during the Re-caching phase. There were 335 

no statistical differences in the proportion of pine seeds re-cached across conditions by 336 

nutcrackers (M ± SE: Alone: 0.24 ± 0.05, Object: 0.24 ± 0.05, Conspecific: 0.23 ± 0.06, 337 

Heterospecific: 0.32 ± 0.11; Ç2
(3) = 1.337, p = 0.721, �AIC = 4.9; Table S4). None of 338 

the factors we considered in our models explained the overall proportion of re-cached 339 

pine seeds by nutcrackers during the Re-caching phase (M ± SE: 0.26 ± 0.03; Table 340 

S6).  341 

The best-ranked model explaining the proportion of pine seeds re-cached in 342 

each tray during the Re-caching phase included only tray identity (Ç2
(1) = 27.017, p < 343 

0.001; Table S6). Across all conditions, the proportion of pine seeds present in the 344 

Pilfered tray that were re-cached (i.e., found in new locations within the Pilfered tray) 345 

was greater than the proportion of pine seeds present in the Safe tray that were re-cached 346 

(M ± SE: Pilfered tray: 0.43 ± 0.04, Safe tray: 0.19 ± 0.03).  347 

Discussion 348 

In the presence of a pilfering conspecific, pinyon jays preferentially allocated 349 

their caches in safer locations (see also21), whereas Clark9s nutcrackers reduced the 350 

number of caches made overall (see also11,18,23). The social cues triggering the display 351 

of cache protection strategies differed between species. Pinyon jays9 caching 352 

behaviour was influenced by the amount of time an observer spent interacting near the 353 

caching tray, whereas nutcrackers9 caching behaviour was influenced by the mere 354 

presence or absence of a conspecific.  355 
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In the presence of a pilfering heterospecific, pinyon jays allocated their caches in 356 

safer locations in comparison to when they were caching alone, as they did when 357 

observed by a conspecific. Also, of the caches remaining after the Re-caching phase, a 358 

greater proportion of these caches were re-caches (i.e., found in new locations from 359 

what the observer would have witnessed) in the pilfered tray compared to the safe tray. 360 

Both the allocation of caches and the increase in re-caching depended on the duration 361 

of time the observing bird interacted close to the cacher and the caching locations 362 

during the caching session.  363 

We found less evidence that Clark9s nutcrackers modified their caching 364 

behaviour when observed by a pinyon jay compared to when they cached alone. 365 

Nutcrackers allocated their caches preferentially in the pilfered tray when they were 366 

caching alone and in the presence of an object, but not when they were caching in 367 

presence of an observing conspecific or heterospecific. This result may indicate that 368 

nutcrackers generally associated the pilfered tray with a higher risk of losing their 369 

caches when observed by another individual. This was also supported by the greater 370 

proportion of the seeds present in the pilfered tray that were moved to a new location 371 

by caching nutcrackers at the end of the re-caching phase than for the safe tray. 372 

However, despite experiencing repeated cache loss to pinyon jay observers to the same 373 

degree as with nutcracker observers, they did not reduce the amount of caches made, 374 

nor did they preferentially allocate their caches in safe locations when caching. This 375 

result may indicate that, unlike pinyon jay cachers, nutcrackers did not view the pinyon 376 

jays as a pilfering threat.  377 

An explanation for the species differences in caching behaviour may be that 378 

observing pinyon jays spent less time interacting with cachers during the Caching phase 379 

compared to observing nutcrackers (Table S7). Thus, nutcrackers may have viewed 380 
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pinyon jay observers as less threatening than conspecifics based on their behaviour, 381 

despite similar rates of cache loss. Pinyon jays, however, viewed both conspecifics and 382 

heterospecifics as threatening. More studies are required to determine which cues 383 

nutcrackers use to assess the pilfering risk associated to the observer.   384 

The social cues that elicit the display of cache protection behaviours in pinyon 385 

jays and nutcrackers may also align with the demands of social living. Pinyon jays9 386 

caching and re-caching behaviours were influenced by the amount of time an observer 387 

spent interacting near the caching tray, whereas nutcrackers9 caching behaviour was 388 

influenced by the mere presence or absence of a conspecific. As highly social pinyon 389 

jays rarely cache in private14, it may be more advantageous for an individual to adjust 390 

its behaviour only when warranted by the behaviour of the observer, and not simply in 391 

the presence of an observer. On the contrary, less social species such as Clark9s 392 

nutcrackers and Eurasian jays (Garrulus glandarius) can reduce their caching rate in 393 

the presence of another bird18,19, since they have more opportunities to cache in private. 394 

Therefore, pinyon jays may use more nuanced social information during caching to 395 

adjust their behaviour than nutcrackers, due to the more restrictive conditions in which 396 

they cache, regardless of whether the observer pilfers the caches afterwards21. The 397 

difference in use of social cues may be evidence that pinyon jays have evolved greater 398 

behavioural flexibility compared to nutcrackers. 399 

Social information can be exchanged between conspecifics and heterospecifics 400 

when multiple species share the same territory or resources. For example, some species 401 

are influenced by heterospecifics when responding to alarm calls36,37, when choosing a 402 

breeding site38,39, or even when foraging40. In the case of our study species, individual 403 

Clark9s nutcrackers briefly join flocks of pinyon jays for protection during late summer 404 

and early fall, when both species collect pine seeds to cache for the winter42. Both 405 
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species9 caches are susceptible to pilfering by one another, but also by Steller9s jays 406 

(Cyanocitta stelleri), another social jay species43. Here, we provide experimental 407 

evidence that one corvid species, the pinyon jay, can flexibly use the social information 408 

provided by an observer, regardless of the species, and adjust their caching behaviour 409 

accordingly. To date, only one other study evaluated whether a caching species, the 410 

mountain chickadee (Poecile gambeli), can adjust its caching behaviour in the presence 411 

of a pilfering heterospecific, the red-breasted nuthatch (Sitta canadensis;22). Mountain 412 

chickadees cached preferentially in hidden sites in presence of observing nuthatches 413 

but used both hidden and visible sites when they were alone, suggesting chickadees 414 

could view nuthatches as a threat for their caches. Both pinyon jays and mountain 415 

chickadees have complex social behaviour44,45, supporting the social living hypotheses 416 

that suggest social living might promote more flexible behaviours, especially in a social 417 

context2,5. 418 

Our results provide equivocal evidence that social living could promote cognitive 419 

flexibility, at least in corvids2. Up until now, most socio-cognitive abilities thought to 420 

be present in corvids have been found in both social and non-social corvid species. For 421 

instance, both social magpies and less-social nutcrackers show evidence of mirror self-422 

recognition11,12. Even in a social context, nutcrackers and more social corvids such as 423 

pinyon jays and azure-winged magpies can both perform complex social interactions 424 

with conspecifics, like cooperatively sharing food23,46,47. Based on our findings, one 425 

possibility is that the ability to view a conspecific as a threat might be common to all 426 

corvids, but that only highly social species adjust their caching behaviour to the social 427 

context due to the selection pressures associated with social living2,5. 428 

Alternatively, the species difference in caching behaviour could also be 429 

ontogenetic, as pinyon jays will likely witness a greater number of caching and pilfering 430 
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events between members of their social group, and in more varied social contexts than 431 

nutcrackers. These additional learning opportunities may facilitate greater 432 

generalisation of the cognitive abilities underlying cache protection behaviours. In both 433 

cases, social living could explain the differences in behavioural flexibility between the 434 

two caching species.  435 

In summary, the current study investigated, for the first time, whether corvids 436 

display cache protection strategies in the presence of a heterospecific in a controlled 437 

setting. We found that highly social pinyon jays and less social Clark9s nutcrackers 438 

displayed different caching behaviours when observed. Pinyon jays preferentially 439 

allocate cached food in areas less accessible to a conspecific or heterospecific observer, 440 

but primarily when the observer spent more time near a caching tray. Contrarily, 441 

nutcrackers reduced the number of caches they made, but only when observed by 442 

another nutcracker. Overall, these findings suggest that corvids may differ in their use 443 

of social information and in the extent to which they interpret heterospecifics as a threat. 444 

These findings may indicate that the ability to view a conspecific as a threat is shared 445 

among corvids regardless of social organisation. However, highly social species may 446 

display more behavioural flexibility by generalising the use of cache protection 447 

strategies against heterospecifics to a greater extent and by adjusting their caching 448 

behaviour to the social context. Our results provide insight into understanding how 449 

pressures associated with the social environment may influence the caching behaviour 450 

of corvids and support the idea of more social species adjusting their behaviour more 451 

flexibly than less social species. Our findings provide a step further into understanding 452 

how complex cognition has evolved.  453 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433225doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433225
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

References 454 

 455 

1. Emery, N. J., & Clayton, N. S. (2004). The mentality of crows: convergent 456 

evolution of intelligence in corvids and apes. Science, 306, 1903-1907. 457 

2. Bond, A. B., Kamil, A. C., & Balda, R. P. (2007). Serial reversal learning and 458 

the evolution of behavioral flexibility in three species of North American 459 

corvids (Gymnorhinus cyanocephalus, Nucifraga columbiana, Aphelocoma 460 

californica). Journal of Comparative Psychology, 121, 372-379.  461 

3. Blumstein, D.T., & Armitage, K. B. (1997). Does sociality drive the evolution 462 

of communicative complexity? A comparative test with ground-dwelling 463 

sciurid alarm calls. American Naturalist, 150, 179-200. 464 

4. Dunbar, R.I.M., & Shultz, S. (2007). Evolution in the social brain. Science, 317, 465 

1344. 466 

5. Taborsky, B., & Oliveira, R.F. (2012). Social competence: an evolutionary 467 

approach. Trends in Ecology and Evolution, 27, 679-688. 468 

6. Emery, N.J., Dally, J.M., & Clayton, N.S. (2004). Western scrub-jays 469 

(Aphelocoma californica) use cognitive strategies to protect their caches from 470 

thieving conspecifics. Animal Cognition, 7, 37-43. 471 

7. Seed, A., Emery, N., & Clayton, N. (2009). Intelligence in corvids and apes: a 472 

case of convergence evolution? Ethology, 115, 401-420. 473 

8. Taylor, A. H. (2014) Corvid cognition. Wiley Interdisciplinary Reviews: 474 

Cognitive Science, 5, 361-372. 475 

9. Bluff, L.A., Weir, A.A.S., Rutz, C., Wimpenny, J.H., & Kacelnik, A. (2007) 476 

Tool-related cognition in New Caledonian crows. Comparative Cognition & 477 

Behavior Reviews, 2, 1-25. 478 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433225doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433225
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

10. Raby, C.R., Alexis, D.M., Dickinson, A., & Clayton, N.S. (2007). Planning for 479 

the future by western scrub-jays. Nature, 445, 919-921. 480 

11. Clary, D., & Kelly, D.M. (2016a). Graded mirror self-recognition by Clark9s 481 

nutcrackers. Scientific Reports, 6, 36459. 482 

12. Prior, H., Schwartz, A., & Güntürkün, O. (2008). Mirror-induced behaviour in 483 

the magpie (Pica pica): evidence of self-recognition. PLoS Biology, 6, e202. 484 

13. Clayton, N.S., & Emery, N.J. (2008) The social life of corvids. Current Biology, 485 

17, 652-656. 486 

14. Marzluff, J. M., & R. P. Balda. (1992). The Pinyon Jay: the behavioral ecology 487 

of a colonial and cooperative corvid. T & AD Poyser, London, UK. 488 

15. Tomback, D.F. (1998). Clark's Nutcracker (Nucifraga columbiana) in The Birds 489 

of North America (P.G. Rodewald, editor). Cornell Lab of Ornithology, Ithaca, 490 

NY, USA. 491 

16. Vander Wall, S. B. (1990) Food hoarding in animals. Chicago: University of 492 

Chicago Press. 493 

17. Dally, J.M., Emery, N.J., & Clayton, N.S. (2005). Cache protection strategies 494 

by western scrub-jays, Aphelocoma californica: Implications for social 495 

cognition. Animal Behaviour, 70, 1251-1263. 496 

18. Clary, D., & Kelly, D.M. (2011). Cache protection strategies of a non-social 497 

food-caching corvid, Clark9s nutcracker (Nucifraga columbiana). Animal 498 

Cognition, 14, 735-44. 499 

19. Shaw, R. C., & Clayton, N. S. (2012) Eurasian jays, Garrulus glandarius, 500 

flexibly switch caching and pilfering tactics in response to social context. 501 

Animal Behaviour, 84, 1191-1200. 502 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433225doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433225
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

20. Bednekoff, P. A., & Balda, R. P. (1996). Social caching and observational 503 

spatial memory in pinyon jays. Behaviour, 133, 807-826. 504 

21. Vernouillet, A., Casidsid, H.J.M., & Kelly, D.M. (2020). Conspecific presence, 505 

but not pilferage, influences pinyon jays9 (Gymnorhinus cyanocephalus) 506 

caching behavior. Learning & Behavior. 507 

22. Pravosudov, V.V. (2008). Mountain chickadees discriminate between potential 508 

cache pilferers and non-pilferers. Proceedings of the Royal Society B: 509 

Biological Sciences, 275, 55-61. 510 

23. Clary, D., & Kelly, D.M. (2016b). Clark's nutcrackers (Nucifraga columbiana) 511 

flexibly adapt caching behavior to a cooperative context. Frontiers in 512 

Psychology, 7, 1-11. 513 

24. Wright, A.A., Magnotti, J.F., Katz, J.S., Leonard, K., Vernouillet, A., & Kelly, 514 

D.M. (2017). Corvids outperform pigeons and primates in learning a basic 515 

concept. Psychological Science, 28, 437-444. 516 

25. Vernouillet, A., Leonard, K., Katz, J.S., Magnotti, J.F., Wright, A.A., & Kelly, 517 

D.M. (In press). Abstract-concept learning in two species of New World 518 

corvids, pinyon jays (Gymnorhinus cyanocephalus) and California scrub jays 519 

(Aphelocoma californica). Journal of Experimental Psychology: Animal 520 

Learning and Cognition. 521 

26. Vernouillet, A., & Kelly, D.M. (2020). Individual exploratory responses are not 522 

repeatable across time or contexts for four species of food-storing corvid. 523 

Scientific Reports, 10, 394. 524 

27. Kamil, A.C., & Balda, R.P. (1985). Cache recovery and spatial memory in 525 

Clark9s nutcrackers (Nucifraga columbiana). Journal of Experimental 526 

Psychology: Animal Behavior Processes, 11, 95-111.  527 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433225doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433225
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

28. Emery, N.J., & Clayton, N.S. (2001). Effects of experience and social context 528 

on prospective caching strategies by scrub jays. Nature, 414, 443-446. 529 

29. Vander Wall, S. B., & Jenkins, S. (2003) Reciprocal pilferage and the evolution 530 

of food-hoarding behavior. Behavioral Ecology, 14, 656-667.  531 

30. R Core Team (2013). R: A language and environment for statistical computing. 532 

R Foundation for Statistical Computing, Vienna, Austria.URL http://www.R-533 

project.org/.  534 

31. Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-535 

effects models using lme4. Journal of Statistical Software, 67, 1-48. 536 

32. Lenth, R.V. (2016). Least-squares means: the R package lsmeans. Journal of 537 

Statistical Software, 69, 1-33. 538 

33. Revelle, W.R. (2017). Psych: procedures for personality and psychological 539 

research. Software. Northwestern University, Evanston, Illinois, USA. 540 

https://CRAN.R-project.org/package=psych 541 

34. Spiess, A.N. (2018). qpcR: Modelling and analysis of real-time PCR data. 542 

https://CRAN.R-project.org/package=qpcR 543 

35. Bugnyar, T., & Heinrich, B. (2005). Pilfering ravens, Corvus corax, adjust their 544 

behavior to social context and identity of competitors. Animal Cognition, 9, 545 

369-376. 546 

36. Dutour, M., & Danel, S. (2020). Wild great tits9 alarm calls prompt vigilant 547 

behaviours in free-range chickens. Animal Cognition. 548 

37. Magrath, R.D., Haff, T.M., Fallow, P.M., & Radford, A.N. (2015). 549 

Eavesdropping on heterospecific alarm calls: from mechanisms to 550 

consequences. Biological Reviews, 90, 560-586. 551 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433225doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433225
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

 

38. Morinay, J., Forsman, J.K., Germain, M., & Doligez, B. (2020). Behavioural 552 

traits modulate the use of heterospecific social information for nest site 553 

selection: experimental evidence from a wild bird population. Proceedings of 554 

the Royal Society B, 287, 20200265. 555 

39. Tolvanen, J., Kivelä, S.M., Doligez, B., Morinay, J., Gustafsson, L., Bijma, P., 556 

Pakanen, V.M., & Forsman, J.T. (2020). Quantitative genetics of the use of 557 

conspecific and heterospecific social cues. Evolution, 74, 2332-2347. 558 

40. Romero-Gonzalez, J. E., Solvi, C., & Chittka, L. (2020). Honey bees adjust 559 

colour preferences in response to concurrent social information from 560 

conspecifics and heterospecifics. Animal Behaviour. 561 

41. Sridhar, H., & Guttal, V. (2018). Friendship across species borders: factors that 562 

facilitate and constrain heterospecific sociality. Philosophical Transactions B, 563 

373, 20170014. 564 

42. Balda, R. P., Bateman, G. C., & Foster, G. F. (1972). Flocking associates of the 565 

Piñon Jay. Wilson Bulletin, 84, 60-73. 566 

43. Burnell, K.L., & Tomback, D.F. (1985). Steller9s jays steal gray jay caches: 567 

field and laboratory observations. The Auk, 102,417-419. 568 

44. Harrap, S., & Quinn, D. (1995). Chickadees, tits, nuthatches and treecreepers. 569 

Princeton, NJ: Princeton University Press. 570 

45. Hogstad, O. (1989). Social organization and dominance behavior in some Parus 571 

species. Wilson Bulletin, 101, 2543262.  572 

46. Duque, J.F., & Stevens, J.R. (2016). Voluntary food sharing in pinyon jays: The 573 

role of reciprocity and dominance. Animal Behaviour, 122, 135-144.  574 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433225doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433225
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

47. Horn, L., Scheer, C., Bugnyar, T., & Massen, J. M. (2016). Proactive 575 

prosociality in a cooperatively breeding corvid, the azure-winged magpie 576 

(Cyanopica cyana). Biology Letters, 12, 20160649. 577 

 578 

  579 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433225doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433225
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

 580 

Figure 1. Pictorial representation of the experimental conditions during the Caching 581 

phase. The caching compartment contained the cacher (nearest bird, here a pinyon 582 

jay), and the observing compartment a) remained empty, contained b) an object, c) a 583 

conspecific (here, another pinyon jay), or d) a heterospecific (here, a Clark9s 584 

nutcracker).  585 
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 586 

Figure 2. Total number of pine seeds cached (± SE) by Clark9s nutcrackers and 587 

pinyon jays during the Caching phase during the Alone, Object, Conspecific, and 588 

Heterospecific conditions. Nutcrackers cached less when in the presence of another 589 

nutcracker (Conspecific condition) in comparison to when they were caching alone (p 590 

= 0.008). There was no difference in the number of seeds cached by pinyon jays 591 

across conditions (p = 0.901). 592 

 593 
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 595 

Figure 3. Number of pine seeds cached by pinyon jays in the pilfered tray and in the 596 

safe tray during the Caching phase depended on the amount of time the observing 597 

bird interacted with the caching bird (p < 0.001). 598 
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 600 

Figure 4. Number of pine seeds cached in the safe and in the pilfered trays by caching 601 

nutcrackers in each experimental condition during the Caching phase (p < 0.001).  602 

 603 

 604 
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