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Summary 10 

Recognition of rotated images can challenge visual systems. Humans often diminish the load 11 

of cognitive tasks employing bodily actions (cognitive offloading). To investigate these 12 

phenomena from a comparative perspective, we trained eight dogs (Canis familiaris) to 13 

discriminate between bi-dimensional shapes. We then tested the dogs with rotated versions 14 

of the same shapes, while measuring their accuracy and head tilts. Although generalisation to 15 

rotated stimuli challenged dogs (overall accuracy: 55%), three dogs performed differently 16 

from chance level with rotated stimuli. The amplitude of stimulus rotation did not influence 17 

dogs’ performance. Interestingly, dogs tilted their head following the direction and amplitude 18 

of rotated stimuli. These small head movements did not influence their performance. Hence, 19 

we show that dogs might be capable of recognising rotated 2D objects, but they do not use a 20 

cognitive offloading strategy in this task. This work paves the way to further investigation of 21 

cognitive offloading in non-human species. 22 

  23 

Introduction  24 

When engaging in mental tasks, we spontaneously try to overcome the limitations of 25 

our cognitive systems by transferring part of the intellectual demands onto our bodies or onto 26 

the external world. This strategy is known as cognitive offloading (for a review of the human 27 

literature see Risko & Gilbert 2016). Little is known on cognitive offloading in non-human 28 

animals. Are physical actions that reduce mental load a uniquely human strategy or a 29 

behaviour shared across species? To answer this question, we assessed whether pet dogs 30 

(Canis familiaris) spontaneously try to decrease the cognitive load of a mental rotation task 31 

by tilting their heads in the same direction as the stimuli, like humans do.  32 

Mental rotation has been hypothesised as a cognitive process used by humans to 33 

recognise an object seen from an orientation different than a reference stimulus, by mentally 34 

rotating and aligning the internal (mental) representation of the object with the reference 35 

(e.g., Shepard & Metzler, 1971; Cooper & Shepard, 1973). However, the mental rotation 36 

account has been challenged and may be outdated. In particular, it seems that this account is 37 

best suited to explain results from tasks requiring to judge whether two objects are identical 38 

or mirror images of each other (Gauthier et al., 2002). Several alternative models have been 39 

proposed to explain how the human visual system recognises whether two objects seen from 40 

different points of view are the same or not. For example, some researchers proposed that 41 

object recognition might be based on more than just one processing mechanism (the “multiple 42 

routes” hypothesis, Vanrie et al. (2001)) or that it might be based on interpolation between 43 

the limited views of an object stored in memory (Edelman and Poggio, 1991; Riesenhuber and 44 

Poggio, 2000). The strategies used by non-human species to recognize rotated objects are 45 

debated too, as discussed below. 46 

The cognitive load of recognizing the rotated stimuli in the generalization task can be 47 

reduced by physical actions that reduce the degree of mismatch between the test and the 48 

training stimulus, such as tilting the head (Risko & Gilbert, 2016). In humans, cognitive 49 

offloading is common in different domains: people use reminders for future events, rotate 50 

maps to match one’s own point of view, count with the help of fingers, write things down, and 51 

tilt their head during the perception of ambiguous images (Carlson et al., 2007; Chu and Kita, 52 

2011; Gilbert, 2015; Goldin-Meadow et al., 2001; Risko et al., 2014). Indeed, cognitive 53 
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offloading strategies improve performance also for recognition of rotated objects, for instance 54 

by increasing the speed of reading rotated text (Risko et al., 2014).  55 

Two lines of evidence support the idea of an analogue representation and mental 56 

rotation model in humans. First, a larger number of mistakes when the object and the 57 

reference have a greater angular disparity (Bauer and Jolicoeur, 1996; Delius and Hollard, 58 

1995; Foster, 1978; Hall and Friedman, 1994; Hollard and Delius, 1982; Parsons, 1987; 59 

Wohlschläger, 2001; Wohlschläger and Wohlschläger, 1998). Second, a near-linear increase in 60 

latency with rotation difference. In humans, the increment in reaction times has been 61 

interpreted as the effect of an analogue mode of visual information processing in which an 62 

object’s mental representation is transformed in a serial, time-consuming process (Shepard 63 

and Metzler, 1971; Stich et al., 2003). In a classical study, Shepard & Metzler (1971) 64 

investigated how humans decide whether two differently rotated objects are the same or not. 65 

Eight participants were presented with pairs of differently rotated drawings of solids, a 66 

reference and a target. They judged whether the two objects were the same but rotated or 67 

whether they were different objects (mirror images, that could not be rotated into 68 

congruence). Rotations consisted of 20° steps, from 0° to 180°. On average, only 3.2% of the 69 

responses were incorrect (ranging from 0.6 to 5.7% for individual subjects). The time used to 70 

make the judgement was a linear function of the angular disparity between the two figures. 71 

Based on this result, the authors described mental rotations as an analogue transformation 72 

process of image-like representations of visual information. 73 

Neuroimaging data have supported both the analogue representation view and the 74 

hypothesis that mental rotation depends on motor simulation, i.e. the planning of motor 75 

processes (Zacks, 2008). Mental rotation could be considered an imagined (covert) action or 76 

at least partly produced in conjunction with the motor system (Lamm et al., 2007; Wexler et 77 

al., 1998; Wohlschläger, 2001). 78 

With analogue mental representations, the cognitive load imposed by the effort of 79 

mental rotation can be reduced either by rotating the objects in the external world or by tilting 80 

the head of the observer. The conditions under which humans engage in cognitive offloading 81 

while processing rotated stimuli have been investigated by Risko et al. (2014). In these 82 

experiments, participants were asked to read rotated letters and text. This task demands 83 

“normalization” of the viewpoint, i.e., alignment of the rotated stimuli to their canonical 84 

orientation. When presented with sets of 1, 5 or 15 rotated letters, participants spontaneously 85 

exhibited head tilts on approximately 16% of the trials but this tilting did not improve nor 86 

hinder their reading accuracy. Head tilts were exhibited more frequently with increasing set 87 

size (and hence increasing mental effort required by the task). Indeed, participants tilted their 88 

head on average on 3% of the trials presenting only 1 letter; on 18% of the trials presenting 5 89 

letters and on 37% of the trials presenting 15 letters. Risko and colleagues therefore showed 90 

that human head tilts can be systematically investigated as an instance of cognitive offloading 91 

in a controlled environment.  92 

While cognitive offloading has been extensively investigated in humans, much less is 93 

known on non-human species. Pigeons (Columba livia) can discriminate mirror-image shapes 94 

equally fast and well regardless of orientation disparities, a skill known as orientation 95 

invariance, presumably based on a parallel mode of information processing (Hollard and 96 

Delius, 1982). Even highly intelligent humans could not match the birds' performance. Several 97 

types of stimuli did not lead to a rotation effect in pigeons: novel mirror-image stimuli, 98 

rotation of sample shapes, a delayed display of comparison shapes, and a mixed use of original 99 

and reflected sample shapes (Delius and Hollard, 1995). Interestingly, with misaligned 100 

arbitrary shapes, humans failed to show a mental rotation effect, similarly to pigeons. This 101 
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finding led Delius and Hollard (1995) to conclude that the complete absence of a rotation 102 

effect in pigeons is due to an advantage in discriminating mirror-image shapes compared with 103 

arbitrary shapes. It is possible that humans perceive the orientation differences of arbitrary 104 

shapes but are not obstructed by them in the same way as when discriminating mirror-image 105 

shapes.  106 

 Evidence coming from the arboreal living lion-tailed macaque seems to hint at a hybrid 107 

status of monkeys’ information processing mode. Indeed, these macaques recognized non-108 

rotated stimuli faster than rotated ones, but showing no clear relationship between reaction 109 

times and angle of rotation (Burmann et al., 2005). The testing of a more terrestrial living 110 

Rhesus monkey have also yielded inconsistent results, with some evidence for both processes, 111 

mental rotation and rotational invariance (Köhler et al., 2005), supporting the view of two 112 

separately evolved information processing systems that may be coexisting to a certain extent 113 

in species with correspondingly overlapping ecological demands.  114 

 Delius and Hollard (1995) have speculated on why humans do not benefit from the 115 

potential rotational invariance capability of the primate visual system by suggesting bio-116 

evolutionary adaptations due to special demands of the lifestyle. While pigeons operate 117 

visually on the horizontal ground plane both in flight and walking, humans, who have 118 

abandoned the arboreal lifestyle of our primate ancestors, mainly operate visually on the 119 

vertical plane. Due to an upright gait, humans mostly see the environment in the vertical plane 120 

and therefore are used to a rather restricted number of environmental perspectives. If 121 

orientation invariance is neurally elaborate and costly, humans might have secondarily lost it. 122 

The fact that pigeons – a species lacking hands or similar effectors allowing continuous object 123 

rotation – are not affected in their discrimination performance by the rotation of stimuli has 124 

also been interpreted as consistent with the view that the motor system might play a role in 125 

the mental rotation process (Wohlschläger and Wohlschläger, 1998). 126 

In non-human animals, no study has investigated the link between mental rotation and 127 

cognitive offloading. The only study with at least an implicit answer to this question was by 128 

Hollard and Delius (1982) who reported that, while recognizing rotated images, pigeons rarely 129 

inclined their heads by more than 30° and that the head position did not relate in any obvious 130 

way with the orientation of the forms. However, pigeons might benefit from a kind of parallel 131 

processing, with which they achieve rotational invariance, thus they might have no need for 132 

facilitating the internal transformation to bring the mental representation into alignment with 133 

the object. 134 

Here we focus on pet dogs, to clarify whether a species that has lived in the same 135 

household as humans for more than 14 thousand years (Janssens et al., 2018) has evolved 136 

similar capacities for recognizing rotated objects and cognitive offloading. Based on the shared 137 

evolutionary history of ecological constraints on perception between dogs and humans, we 138 

expected dogs to recognise rotated stimuli similarly to humans. Therefore, we predicted that 139 

their accuracy should have decreased with increasing angular disparity between probe and 140 

reference. In our setting, it was not possible to measure dogs’ reaction times because our 141 

main focus was observing their possible head tilts prior to choice. Hence, we let dogs wait a 142 

fixed time interval before allowing them to give a response.  143 

 To date, apart from humans, no purely terrestrial mammal has been tested for their 144 

ability to generalize to rotated stimuli. An interesting mammalian model is the domestic dog, 145 

as these animals do not only see a very similar environment as their human caregivers, but 146 

they also perceive many objects in the vertical plane due to gravity.  147 

Domestic dogs have been tested in many visual tasks, ranging from simple (e.g., 148 

Milgram et al., 1994; for a comprehensive review see Bensky et al., 2013) to more complex 149 
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discriminations. At a larger scale, they have proven the ability to discriminate between visual 150 

classes, such as dog and landscape images, according to a perceptual response rule (Range et 151 

al., 2008). In sum, dogs can clearly learn to discriminate between various arbitrary stimuli 152 

based on differential reward contingencies, as reviewed in Byosiere et al. (2018). In the 153 

present study, we trained our dogs on a visual discrimination task, in which they had to 154 

distinguish between two abstract geometrical shapes having the same area and colour.  155 

 Here we modified for dogs an object recognition task to test the ability of pet dogs to 156 

first acquire a discrimination of two geometrical shapes and then transfer this ability to 157 

rotated versions of the same shapes. By looking at the number of errors in relation to different 158 

degrees of stimulus rotation, we aimed at understanding whether dogs exhibit a human-159 

typical performance (lower performance at larger rotation distance), or a pigeon-like rotation 160 

invariance performance. If dogs are able to discriminate between the two shapes when these 161 

are presented at rotation angles different from the training one, evidence that the task is 162 

solved using a human-like strategy would be that (1) they are more accurate for angles of 163 

stimuli rotation closer to the training orientation and (2) they exhibit wider head tilts for 164 

greater stimuli rotation angles, in an attempt to relieve the increasingly demanding cognitive 165 

process. 166 

The second aim of the study was to examine the use of cognitive offloading with 167 

rotated stimuli. Only recently, Sommese et al. (2021) found a relationship between head-168 

tilting and the processing of auditory stimuli, but only if those had been relevant and 169 

meaningful. From their data, the authors concluded that head tilts are a sign of increased 170 

attention. Dogs might tilt the head also as a kind of external way of alignment instead of 171 

rotating an internal (mental) representation of the presented stimulus before making the 172 

judgment. If the mechanism that transforms an input shape into the orientation of the 173 

presented shape is cognitively demanding, dogs might use the cognitive offloading strategy to 174 

simplify the task.  175 

A third aim of the experiment was to explore sex and individual differences. A study 176 

investigating how dogs respond to a violation of size constancy (Müller et al., 2011) found 177 

surprisingly large sex differences. Female dogs looked significantly longer when the size of a 178 

rolling ball seemed to “magically” change after rolling temporarily behind a barrier while 179 

males did not. The authors suggested the existence of cognitive differences between sexes in 180 

their task is a by-product of other sex differences in spatial cognition. Building on this finding, 181 

we were interested in testing whether sex differences would have emerged in this mental 182 

rotation task as well and, if so, if they would have emerged in the same direction, with females 183 

outperforming males. Moreover, not only individual differences in performance but also in 184 

the adoption of different strategies in solving the mental rotation task have been found with 185 

Rhesus monkeys (Köhler et al., 2005). Similarly, we expected to find large inter-individual 186 

variation in dogs too and hence have analysed each subject’s performance separately.  187 

 188 

Results  189 

Learning curves 190 

The tested dogs needed between 15 and 127 sessions to learn the visual discrimination 191 

task (see Table S12 for individual results). The huge inter-individual variability in learning 192 

speed is portrayed in Figure S1 (Supplementary Materials). 193 

Accuracy during training  194 
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The sample for this model comprised 23 dogs, trained over 1159 sessions for a total of 195 

22919 trials. The number of correct choices was 13621, while the number of incorrect choices 196 

was 9298 (see Table S1 for each of the tested dogs’ accuracy during training). Each dog was 197 

trained for at least 30 sessions. The vast majority of sessions consisted of 20 trials. However, 198 

a minority of sessions were terminated before the dog completed all 20 trials. This happened 199 

mainly due to system malfunctioning or if the dog stopped spontaneously approaching the 200 

touchscreen.   201 

Overall, there was no effect of sex nor of its interaction with session number on the 202 

proportion of correct choices (likelihood ratio test comparing full and null model: χ2 (2)= 1.526, 203 

P= 0.466). None of the interactions was significant, as shown in Table S2.  204 

There was no main effect of sex on accuracy and the interaction between sex and 205 

session number was not significant either. There was no main effect of age on accuracy and 206 

the interactions between age and age squared and session number were not significant either 207 

(Table S3). This suggests that, during training, there was no difference in the performance of 208 

dogs (both females and males) of all ages (from 5 months to 14 years), who reached similar 209 

levels of accuracy. The only significant effect was that of session number (Table S4). As the 210 

number of training sessions increased, dogs became significantly more accurate in 211 

discriminating between the two upright shapes.  212 

Accuracy during test   213 

Dogs were tested on a total of 3264 upright trials (rotation: “none”) and on 576 rotated 214 

trials (half of which with clockwise rotations). See Table S5 for each of the 8 tested dogs’ 215 

accuracy with upright and rotated stimuli and Table S6 for their performance with each angle 216 

of rotation.  217 

Because the full-null model comparison was significant (χ2=6.993, Df=2, p-value=0.030), we 218 

further proceeded in testing the significance of the individual predictors on accuracy.  219 

First, direction of rotation had a significant influence on accuracy (χ2 (2) = 17.127, p-220 

value < 0.001). This effect was due to a significantly worse performance with rotated stimuli 221 

relative to upright stimuli (Table S6). Indeed, all dogs were less accurate with rotated stimuli 222 

than with upright stimuli. The proportion of correct responses averaged among the 8 subjects 223 

was approximately 88% for upright stimuli and 55% for rotated stimuli.  224 

  Second, there was no effect of the angle of stimulus rotation on accuracy (Table S6, 225 

predictor “Rotation”). Hence, within the rotated stimuli, the wideness and direction of 226 

rotation (±45°, ±90°, ±135°) did not have an influence on performance (Table S6 and Figure 1). 227 

This means that performance was similarly inaccurate for smaller and wider stimulus 228 

rotations. We additionally compared the accuracy with clockwise and counter-clockwise 229 

rotated stimuli using a Wald test. This confirmed that performance was similarly inaccurate 230 

for clockwise and counter-clockwise rotations (pairwise comparison ccw-cw rotations: 231 

z=0.342, p-value=0.732).  232 

Third, we found an effect of sex on performance, with females being significantly more 233 

accurate than males. As in the training phase, age did not have an influence on performance. 234 

Finally, there was an effect of session number on accuracy: with increasing session number, 235 

accuracy increased as well.  236 

A post-hoc analysis of solely the trials that presented rotated stimuli revealed no 237 

significant effect of session number on performance (estimate ± SE= 0.085 ± 0.087, χ2 (1) = 238 
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0.948, p-value= 0.330). Therefore, over the course of the 24 test sessions, dogs improved their 239 

performance in rewarded trials (upright stimuli) but not in unrewarded trials (rotated stimuli). 240 

Interestingly, analysing the performance with rotated stimuli only, the sex effect disappeared 241 

(estimate ± SE= χ2 (1) = 0.522, p-value= 0.470) too, meaning that females were more accurate 242 

than males only with upright reinforced stimuli but not with the novel, rotated and 243 

unrewarded stimuli. 244 

The estimate of stimulus rotation was approximately 0.02, while the estimated 245 

standard deviations among reinforced stimulus varied (depending on the random slope within 246 

reinforced stimulus) to a maximum of 0.61. This indicates that the estimated variation among 247 

different reinforced stimuli was large compared to that among different angles of stimuli 248 

rotation.  249 

 250 

Head tilts and their influence on performance  251 

The average head tilt after the stimulus onset was 4.66° wide (SD=± 3.94) and we 252 

observed heads being inclined by more than 10°, after the stimulus onset, in only 43 of 508 253 

trials.  254 

At a group level, we found a significant effect of the degrees of stimulus rotation on head 255 

rotations measured after the stimulus onset (χ2 (1)= 5.48, P=0.019). This means that, as 256 

expected, head rotation was influenced by stimulus rotation in a linear fashion, with dogs 257 

rotating their heads in the same direction as the stimulus rotation (clockwise or counter-258 

clockwise) and with wider head tilts in response to wider stimulus rotations. We did not find 259 

any effect of sex on the wideness of head tilts (χ2 (1)= 0.29, P=0.589), as shown in Figure 3 (see 260 

also Table S7). We found that only one dog’s (subject 29) wideness of head tilts was linearly 261 

influenced by the angle of stimulus rotation (see Table S10 and Figure S2).  262 

Overall, there was no effect of the test predictors on the difference between dogs’ 263 

head rotations after and before the stimulus onset (likelihood ratio test comparing full and 264 

null model: χ2(2)= 1.51 , P= 0.469). Likewise, in contrast to the previous model, we did not find 265 

an effect of the angle of stimulus rotation when we using the difference between head 266 

rotation after and before the stimulus onset as dependent variable (χ2(1)= 1.512, P= 0.219). 267 

Similarly to the previous model, sex did not affect (χ2(1)= 0.001, P= 0.973; see Table S8). 268 

  269 

Overall, there was no effect of the test predictors on the proportion of correct choices 270 

(likelihood ratio test comparing full and null model: χ2(2)= 0.64 , P= 0.727). Likewise, the 271 

absolute difference between the degrees of head tilt and the degrees of rotation of the stimuli 272 

and sex had no influence on performance (Table S9). These results suggest that the wideness 273 

of head tilts did not have any influence on accuracy.  274 

 275 

Discussion 276 

Little is known on the link between the recognition of rotated objects and cognitive offloading 277 

in non-human animals. We investigated how dogs process rotated stimuli by analysing their 278 

generalization performance with rotated versions of the training stimuli and their head tilts as 279 

a means to ease the cognitive load of the seemingly difficult task.  280 

Overall, dogs’ generalisation performance with rotated stimuli decreased compared to 281 

their performance with upright stimuli. The overall performance with rotated stimuli was 282 
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significantly different from chance level for three (38%) of the eight tested dogs: significantly 283 

above chance level for two dogs and significantly below chance level for one dog. These results 284 

show that dogs are capable of solving a task similar to those that humans solve with mental 285 

rotation.  286 

 287 

We investigated whether dogs recur to external normalization (head tilting) while 288 

observing rotated stimuli from a fixed position on a chinrest. We found that, while using a 289 

chinrest, dogs tilted their heads very rarely. They made small adjustments in their head 290 

positions after stimuli were presented. However, the angle of stimulus rotation had a linear 291 

influence on dogs’ head tilts. At the individual level, head rotations of only one dog (dog 29, 292 

the one performing significantly below chance level in the recognition of rotated objects task) 293 

were linearly associated to the angle of stimulus rotation. Overall, this evidence suggests that 294 

dogs might use a cognitive offloading strategy. However, the effect of stimulus rotation on 295 

head tilts was not significant when we considered as dependent variable the difference in 296 

head tilt between after and before the stimulus onset. This might be due to the fact that dogs 297 

straightened their head out for smaller rotations of the stimuli but left their head tilted for 298 

wider stimulus rotations. In any case, head tilting did not impact accuracy with rotated stimuli.  299 

It has been proposed that differences in the visual information processing systems 300 

across species might have emerged in response to the ecological and evolutionary demands 301 

of adapting to different ecological niches (Delius and Hollard, 1995; Köhler et al., 2005). Given 302 

that dogs have massively shared their habitat with humans, we expected similarities in the 303 

strategies used by the two species in this experiment. In different studies involving mental 304 

rotation and recognition of rotated objects, human participants have shown a tendency to 305 

commit more mistakes as angular disparity increased (Bauer and Jolicoeur, 1996; Delius and 306 

Hollard, 1995; Foster, 1978; Hall and Friedman, 1994; Hollard and Delius, 1982; Parsons, 1987; 307 

Wohlschläger, 2001; Wohlschläger and Wohlschläger, 1998). Based on these findings, our 308 

initial prediction was that dogs would have been less accurate with wider rotations of stimuli, 309 

which would be consistent with a mental rotation process, as described in humans and in a 310 

sea lion (Mauck and Dehnhardt, 1997). However, our results did not support this hypothesis. 311 

Indeed, differently from what observed in humans, the different angles of stimulus rotation 312 

did not influence dogs’ accuracy.  313 

Although all dogs were more accurate in discriminating upright stimuli than rotated 314 

stimuli, consistently with the performance observed in humans (Hollard & Delius, 1982), a sea 315 

lion (Stich et al., 2003), rhesus monkeys (Köhler et al., 2005) and a lion-tailed macaque 316 

(Burmann et al., 2005), we found no linear effect of the amplitude of stimulus rotation on 317 

performance. In addition, while all subjects performed significantly above chance level with 318 

upright stimuli, at the group level their performance with rotated stimuli did not differ 319 

significantly from chance. When we looked at the effect of the degree of stimulus rotation, 320 

we found no differences for clockwise and counter-clockwise rotations of different angles 321 

(Figure 1). It is possible that a mental-rotation-like effect of stimulus rotation on generalization 322 

performance would appear only when testing a group of subjects who perform above chance 323 

level with rotated stimuli. However, also undergraduate students’ accuracy was not 324 

influenced by increasing angular disparity in a letter naming task (Risko et al., 2014), probably 325 

due to the simplicity of the task. Indeed, the students’ average mistake rate when reading 326 

blocks of 15 letters was 10.0% for upright letters, 11.7% for 45° rotated letters and 8.8% for 327 

90° rotated letters. Hence, it is possible that an effect of stimulus rotation on accuracy would 328 

be best observed for intermediate levels of task difficulty. This possibility should be addressed 329 

in further studies. 330 



9 
 

We also investigated sex and individual differences. We found no sex difference in the 331 

accuracy with rotated stimuli, while females were significantly more accurate than males 332 

during the test trials that presented the training (upright) shapes.  We found large inter-333 

individual variability in the number of sessions that dogs needed to learn the visual 334 

discrimination task. However, no sex nor age differences emerged during training, meaning 335 

that females and males of all ages reached comparable levels of accuracy during the training 336 

phase, at similar speed. Previous research based on owners’ reports (e.g., Hsu and Serpell, 337 

2003; Kubinyi et al., 2009; Serpell and Hsu, 2005), identified “trainability” as one of the factors 338 

explaining dogs’ inter-individual differences. The definition of trainability included both the 339 

willingness to obey to already acquired commands and the speed, distractability and 340 

resistance to correction when learning new tasks. According to this definition, none of these 341 

studies found conclusive sex differences over large samples. Based on our results, it is possible 342 

that the distinction between a training (when the behaviour to be performed is not 343 

understood yet) and a test phase (when the behaviour has already been acquired) should not 344 

be overlooked. Indeed, males and females might differ in their motivation to comply with 345 

tasks but not in their ability to learn them. Only the eight dogs that reliably acquired the visual 346 

discrimination task were tested on the rotated versions of the same stimuli.  347 

The plots on individual performance (Figure 2) show that at least one female dog (dog 348 

21) passed the generalisation test consistently recognising above chance level the reinforced 349 

stimulus even when this was rotated of all different angles, as indicated by the confidence 350 

intervals for the fitted values being above 0.5. Because the model fitted to the data is blind to 351 

the performance being significantly above or below chance level, we also compared each 352 

individuals’ overall accuracy with rotated stimuli to chance level, using binomial tests. The 353 

results showed that one additional male dog (dog 22) performed significantly above chance 354 

level with rotated stimuli and one female (dog 29) performed significantly below chance level 355 

with rotated stimuli. Based on the performance of dogs 21 and 22, who selected the 356 

reinforced stimulus overall above chance level even when stimuli were rotated, we conclude 357 

that dogs have the (neuro-cognitive) potential to recognise rotated bi-dimensional objects. 358 

This result implies that dogs might have the capability to build a mental representation of the 359 

training stimuli, to remember it even when the stimuli are no longer present (during the test), 360 

and to compare it with the rotated point of view presented during test. 361 

Interestingly, the two dogs performing above chance level were trained and tested on 362 

the same pair of stimuli (pair 2 in Figure 5), whereas other dogs (7 and 20) did not pass the 363 

generalisation test with the same pair. On the other hand, the dog who performed significantly 364 

below chance level was trained and tested on the same stimuli (pair 3 in Figure 5) as the other 365 

two dogs (10 and 11) who tended to perform below chance level with counter-clockwise 90° 366 

rotations. The fact that dogs were misled by these specific stimuli being rotated of 90° can be 367 

explained in terms of local attention. The upright pair of stimuli is reported in the upper part 368 

of Figure S3. When this pair is rotated (lower part of Figure S3), a pattern present on the 369 

upright negative stimulus is recreated on the rotated reinforced stimulus. It is possible that 370 

dogs focused mainly on the highlighted part of the negative stimulus and consequently 371 

discarded the 90° rotated positive stimulus. 372 

 Taken together, these results suggest that dogs might use individual strategies in 373 

solving this recognition of rotated objects task and that their performance was influenced by 374 

the specific stimuli, probably due to a local rather than a global focus of attention.  375 
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Individual differences in the strategies employed to solve a mental rotation task were 376 

already reported for three Rhesus monkeys (Köhler et al., 2005). Based on these, the authors 377 

speculated about the possible co-existence of two different mechanisms of visual processing 378 

(mental rotation and rotational invariance) within the same species. We currently cannot 379 

assess whether this variability characterises other species as well due to the prevalence of 380 

single-case studies (e.g., Burmann et al., 2005; Stich et al., 2003) and group-level only analyses 381 

(e.g., Hollard & Delius, 1982; Hopkins et al., 1993; Shepard & Metzler, 1971). 382 

 Pitteri et al. (2014) tested dogs on the Navon task with compound stimuli (Navon, 383 

1977) and found great inter-individual variability in global/local precedence. The authors 384 

concluded that the global/local strategy of processing in dogs is determined by the individuals’ 385 

life experiences in using visual information more than by a predisposition of the whole species. 386 

Hence, our eight dogs’ different life experiences until the beginning of the experiment might 387 

explain the inter-individual variability observed in the strategies to solve our task. 388 

Approximately two years later, Mongillo et al. (2017) re-tested the same dogs on the same 389 

task as Pitteri et al. (2014) and found a clearer global bias than in the original study. Instead, 390 

in a subsequent experiment, dogs were trained on a novel composite stimulus and, when 391 

tested, did not show an overall global precedence. In fact, they tended to invert their strategy 392 

relative to the original study. On average, despite being slightly higher than wide, our stimuli 393 

subtended a comparable area as those in these two studies.  394 

We currently cannot pinpoint the strategy that dogs used to solve this task. In contrast 395 

to what is to be expected from the mental rotation and the object recognition accounts, dogs’ 396 

accuracy did not decrease systematically with increasing stimulus rotation. Moreover, dogs’ 397 

overall inaccuracy with rotated stimuli suggests that rotational invariance is unlikely to explain 398 

their performance. For better comparison with the existing literature, in a future experiment, 399 

it would be interesting to add mirror images discrimination to the task and to introduce three-400 

dimensional perspective drawings of stimuli. Furthermore, a fundamental variable to measure 401 

in this kind of tasks is the reaction time. Indeed, previous studies with other species have 402 

mainly distinguished between rotational invariance and mental rotation processes based on 403 

reaction times. And even the well documented sex difference found in humans is mainly due 404 

to males being faster – though not more accurate – than females at all ages through the 405 

human lifespan (Linn and Petersen, 1985). 406 

The amplitude and occurrence of head tilts in this setting were very low. Unlike 407 

previous studies (Risko et al., 2014; Sommese et al., 2021) we did not code head tilts 408 

dichotomously as present/absent but rather we measured how inclined dogs’ heads were 409 

before and after the stimulus onset. Indeed, we were interested in any head rotation around 410 

the Z-axis, even very small ones, because those might already facilitate the recognition of 411 

rotated objects. Moreover, while Risko et al. (2014) coded as head tilts only rotations larger 412 

than 10° and those that happened within one second from the stimulus onset, we coded the 413 

degrees of dogs’ head tilt within three seconds from stimulus onset, in each trial presenting 414 

rotated stimuli. We observed spontaneous head rotations wider than 10° on approximately 415 

8% of the trials, while Risko et al. (2014) report that human participants, with unrestricted 416 

heads, exhibited this behaviour on average in 16% of the trials of a letter naming task 417 

presenting stimuli rotated of 0°, ± 45° or ± 90°. The limited movements we observed might be 418 

due to the chinrest inhibiting wider actions, apart from obvious anatomical differences 419 

between dogs and humans. Also, the extreme difficulty of the task might explain the floor 420 

effect in the number of attempts dogs made to externally normalise the pictures. Indeed, if 421 
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dogs did not recognise that the test stimuli consisted of rotations of the familiar (training) 422 

ones, they might have not realised that tilting their heads would decrease the cost of the 423 

mental task. 424 

In our study, dogs did not exhibit head tilts in a preferred direction, but rather tended 425 

to tilt their heads in the direction in which the stimuli were rotated. Moreover, most of the 426 

observed head movements were characterised by small amplitude (average amplitude 427 

observed after stimulus onset: ca. 5°) and in general, they occurred at a low rate. Taken 428 

together, these elements let us speculate that the behaviours observed in this study in 429 

response to visual (rotated) stimuli and the head tilts observed by Sommese et al. (2021) in 430 

response to auditory stimuli might subtend different mechanisms and serve different 431 

functions. However, it is important to notice that in our controlled setting dogs could have not 432 

exhibited such wide head tilts (maximum head tilt observed after stimulus onset: ca. 26°) 433 

without lifting their head from the chinrest, a behaviour they rarely exhibited, probably due 434 

to the previous training.  435 

The limited and very brief head tilts we observed in the current study might be 436 

indicative of an attempt to ease the cognitive demands of the task, but they are also consistent 437 

with other interpretations. For example, the dogs might have been impatient to make a choice 438 

during the observation period and tilting their head could have constituted the first step in 439 

trying to overcome the chinrest that prevented them from moving forward. However, we 440 

found that the degrees of stimulus rotation had a significant effect on the wideness of head 441 

rotations measured after the stimulus onset. This means that, after the stimulus onset, dogs’ 442 

heads were more inclined for wider stimulus rotations and they were inclined in the same 443 

direction (clockwise or counter-clockwise) as the stimuli.  444 

 The wideness of dogs’ head tilts did not have an influence on accuracy in our task. The 445 

lack of difference in the amplitude of head tilts exhibited by females and males is consistent 446 

with the absence of sex differences in dogs’ accuracy with rotated stimuli. In Risko et al. 447 

(2014)’s experiments, no effect of head tilts was found on participants’ accuracy in a letter 448 

naming task, while both spontaneous and forced head tilts improved performance when 449 

participants had to read whole paragraphs rather than single letters. However, in Risko et al. 450 

(2014)’s third experiment, participants heads were unrestrained, unlike our dogs’ heads. 451 

Moreover, due to our relatively small sample size and due to the different level of task 452 

difficulty, it is possible that our study is underpowered to show the effect of head tilts on 453 

accuracy. 454 

External normalisation (e.g., head tilting) needs not improve performance to be 455 

considered an instance of cognitive offloading. However, given that tilting the head did not 456 

improve dogs’ accuracy, it remains unclear whether such a behaviour offloads on the body an 457 

internal computation (Risko et al., 2014). Hence, we conclude that our results provide no 458 

evidence for cognitive offloading in dogs.  459 

 In conclusion, although recognition of rotated two-dimensional shapes proved to be 460 

challenging in our setting, we showed that dogs have the potential to solve the task. We 461 

additionally showed that dogs’ head tilts could be systematically studied in a controlled 462 

setting, thus we provided a methodology for studying cognitive offloading in non-human 463 

species. We did not find clear evidence that dogs tilted their heads as a means to offload a 464 

cognitive process onto their bodies. Future research should investigate whether non-human 465 
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animals engage in cognitive offloading when facing moderately demanding tasks in this and in 466 

other domains, such as memory.  467 

Limitations of the study 468 

In the present study, we chose to train dogs to lay their head on a chinrest before 469 

presenting them with visual stimuli. We chose to stabilise the dogs’ heads for different 470 

reasons. First, we aimed at ensuring that the dogs would observe the stimuli consistently 471 

across trials with regards to their body orientation and distance relative to the screen. Second, 472 

we wanted to minimise dogs’ impulsivity by forcing them to wait a pre-determined amount of 473 

time before allowing them to walk forward and touch the screen. Finally, the dogs’ head was 474 

required to remain in a pre-determined and consistent position in space to ensure precise 475 

coding of the video frames. The chinrest itself did not prevent dogs from tilting their head, as 476 

proven by the (small) tilts we observed. However, we cannot know if the chinrest training 477 

might have inhibited dogs’ willingness to tilt their head more widely, whether this effect might 478 

have been more pronounced for some individuals than others and if wider head tilts would 479 

have influenced performance. Therefore, future studies assessing dogs’ head tilts should leave 480 

their heads unrestrained.  481 

While previous studies have shown dogs are able to recognise 2D stimuli on the basis 482 

of visual cues alone (e.g., Müller et al., 2015; Pitteri et al., 2014b), it is likely that, under more 483 

ecological conditions, dogs do not need to rely exclusively on their visual modality to recognise 484 

previously encountered entities. Therefore, dogs’ scant performance with rotated stimuli 485 

might be due to a true difficulty of this species with recognising familiar objects presented 486 

from a rotated perspective, or to the lack of ecological validity of the task and abstract nature 487 

of the stimuli. Future studies will need to assess which factors influence dogs’ performance 488 

(for example, biological relevance of the stimuli, ecological setting with cross-modal cues and 489 

absence of postural constraints). While the visual discrimination between these particular 490 

shapes and the rotated object recognition tasks might have been too difficult for most of the 491 

dogs, in order to address the phenomenon of cognitive offloading, we had to confront subjects 492 

with a challenging task. If the task had been too simple, the dogs would have had no need 493 

to offload cognitive processing. 494 

Finally, the limited sample size hinders the generalizability of our findings. In particular, 495 

the post-hoc speculation about a possible female advantage in performing an already acquired 496 

task but not in acquiring the task needs to be tested in future experiments across different 497 

tasks and with larger sample sizes. 498 
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Main figure titles and legends 516 

Figure 1. Accuracy during test. Percentage of correct responses for each sex and direction of 517 

stimulus rotation (“none” indicates performance with upright stimuli, “ccw” with counter-518 

clockwise rotated stimuli and “cw” with clockwise rotated ones). Females are represented on 519 

the left, males on the right. The horizontal black lines indicate the fitted values and the error 520 

bars refer to their confidence intervals. Each coloured bubble indicates the mean percentage 521 

of correct responses of an individual dog with each rotation (each dog is shown with the same 522 

colour across conditions). The area of the bubbles is proportional to the number of 523 

observations per dog and condition. The grey dashed lines connect the observations of the 524 

same individuals across conditions. The red dotted line shows the chance level. See also Table 525 

S6. 526 

Figure 2. Individual´s performance as a function of the angle of stimulus rotation. Females 527 

are shown in the left column (from top to bottom: dog 11, 21, 29 and 37), males in the right 528 

column (top to bottom: dog 7, 10, 20 and 22). The crosses indicate the mean observed 529 

performance; the dashed line indicates the fitted values. Error bars represent the confidence 530 

intervals of the fitted values. Negative numbers on the x-axis refer to counter-clockwise 531 

rotations, while positive numbers refer to clockwise rotations.  Dog 21 (second plot of the 532 

left column, outlined in blue) achieved significantly above chance level performance with all 533 

rotations. The chance level is indicated by the red dotted line. See also Table S5. 534 

Figure 3. Degrees of head tilt as a function of stimulus rotation. On both the x- and the y-535 

axis, negative and positive numbers refer to counter clockwise and clockwise rotations. The 536 

y-axis shows the degrees of head rotations measured after stimulus onset. Data are 537 

represented as median ± interquartile range. Outliers are represented as individual points 538 

outside the whiskers of the boxplots. See also Figure S2 and Tables S7 and S8. 539 

Figure 4. Experimental set-up.  540 

A) The chinrest, opposite to the touchscreen, was operated through the metallic lever 541 

on the right. Hence, the experimenter always stood on the dog´s right side.  542 

B) One of the subjects shows the starting position, watching the screen with head on 543 

the chinrest.  544 

C) The automatic feeder behind the dog. 545 
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 546 

 547 

Figure 7. Examples of head tilt coding from video frames. Frame A) and B) come from the 548 

same test trial. Frame A) is the one immediately preceding the stimulus onset, while frame 549 

B) is the one containing the widest head tilt for that trial after the stimulus onset. The box in 550 

the upper part of both frames shows the content of the screen as viewed from the dog’s 551 

perspective. The yellow lines on the dog’s forehead show how the angles of head rotation 552 

were measured. 553 

STAR Methods  554 

Resource availability 555 

Lead contact  556 

Inquiries should be addressed to the lead contact, Lucrezia Lonardo 557 

(lucrezia.lonardo@vetmeduni.ac.at) 558 

Materials availability 559 

This study did not generate new unique materials 560 

Data and code availability 561 

 The raw datasets have been deposited and are currently available at: 562 

https://data.mendeley.com/datasets/khhkn6kcpm/draft?a=99aa5d91-cf7b-563 

44cb-86b5-693eb60c2216 564 

The DOI is listed in the Key Resources Table. 565 

 The R code used to analyse and plot the data has been deposited and is 566 

currently available at: 567 

https://data.mendeley.com/datasets/khhkn6kcpm/draft?a=99aa5d91-cf7b-568 

44cb-86b5-693eb60c2216 569 

The folder “Training and learning curves” contains the scripts and data files for 570 

Figure S1 and Tables from S1 to S4. The folder “Recognition of rotated 571 

objects_accuracy during test” contains the script, workspace and data file for 572 

Figures 1 and 2 and for Tables S5 and S6. The folder “Cognitive offloading_head 573 

tilts” contains the script, workspace and data file for Figures 3 and S2 and Tables 574 

from S7 to S10. The folder “R functions” contains the custom R functions used 575 

for model stability, diagnostics and confidence intervals.   576 

The DOI is listed in the Key Resources Table. 577 

 Any additional information required to reanalyse the data reported in this 578 

paper is available from the lead contact upon request. 579 

Experimental model and subject details 580 

 Dogs (Canis familiaris) 581 

All dogs who took part in this experiment were pets, brought to the lab by their 582 

volunteer owners. Prior to the beginning of the experiment, owners were informed about the 583 

Figure 5. The three pairs of stimuli used in the whole experiment, portrayed in the upright 
orientation. Each dog was randomly assigned to one of the pairs and, within the pair, to one 
reinforced stimulus.  

Figure 6. Examples of test stimuli. Pair 1 is shown in all 3 rotated versions, rotated by 45° 
(top row), 90° (central row) and 135° (bottom row). Counter-clockwise rotations are shown 
on the left, clockwise rotations on the right.  

https://data.mendeley.com/datasets/khhkn6kcpm/draft?a=99aa5d91-cf7b-44cb-86b5-693eb60c2216
https://data.mendeley.com/datasets/khhkn6kcpm/draft?a=99aa5d91-cf7b-44cb-86b5-693eb60c2216
https://data.mendeley.com/datasets/khhkn6kcpm/draft?a=99aa5d91-cf7b-44cb-86b5-693eb60c2216
https://data.mendeley.com/datasets/khhkn6kcpm/draft?a=99aa5d91-cf7b-44cb-86b5-693eb60c2216
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aim and procedures of the study, and gave an informed written consent for their dogs. Breed, 584 

age, sex, previous touchscreen experience, number of training sessions and reinforced 585 

stimulus of each of the 38 dogs are reported in the Supplementary Materials (Table S11).  586 

Overall, 38 dogs (see Table S11) started in the experiment. Of these, five were excluded 587 

from the study at an early stage due to behavioural issues that were not compatible with 588 

learning or that posed a threat to the integrity of the experimental set-up (e.g., constant 589 

barking, excessive impulsivity, fear of the wooden apparatus). Four of these five dogs were 590 

excluded during the pre-training, the fifth after 3 training sessions. One additional dog passed 591 

away. A further nine subjects dropped out of the study at different stages due to limitations 592 

in owner availability. All other dogs completed at least 30 training sessions (600 trials) and 593 

were included in the analysis of this phase.  All other dogs completed at least 30 training 594 

sessions (600 trials) and were included in the analysis of this phase. The resulting sample size 595 

comprised therefore 23 dogs trained over a total of 1157 sessions. Of these 23 dogs, only 8 596 

met the learning criteria (see Paragraph “Procedure” below) and were therefore tested with 597 

rotated stimuli.  598 

The 8 tested dogs (4 females) had a mean age of 7 years (age range 3-9 years). Seven 599 

dogs had previously taken part in other experiments at the Clever Dog Lab. Table S12 600 

summarises the main information regarding the 8 tested dogs. Dogs were randomly assigned 601 

to one of the three pairs of stimuli shown in Figure 5.  602 

The study was discussed and approved by the ethics and animal welfare committee of 603 

the University of Veterinary Medicine of Vienna in accordance with GSP guidelines, national 604 

legislation and EU regulations. 605 

Method details 606 

The experiment was conducted at the Clever Dog Lab, Messerli Research Institute, 607 

University of Veterinary Medicine (Vienna). Dogs were trained and tested in the same 6 x 3 m 608 

room, with the help of a semi-automated touchscreen and feeder. The automatic feeder used 609 

was a Premier Treat & Train, filled with dry food pellets. It was positioned 1.20 meter behind 610 

the dog (Figure 4C). The touchscreen was a Thin Film Transistor (TFT), with refresh rate of 60 611 

Hz. It measured 46.5 x 27cm (height x wideness) and it was inserted in a white wooden 612 

apparatus measuring 100 x 45.5 x 49 cm (height x depth x wideness). This minimised the 613 

possibility of human cueing and distractions for the dogs (Figure 4A).  To approach the 614 

touchscreen, dogs had to walk on a black platform and lay their head on a chinrest (Figure 4B). 615 

The chinrest ensured a standardised position of the dogs´ head at the beginning of each trial 616 

(hence a rigorous video coding afterwards). The black platform measured 110 x 50 cm and the 617 

chinrest 9.2 x 32.7 (l x w). This was a rubber foam pillow with v-shaped indentation in the 618 

middle (depth: 2.2 cm). It was 5.5 cm deep on the sides.  Dogs watched the stimuli on the 619 

screen over a distance of approximately 50 cm. The experimental set-up is portrayed in Figures 620 

4 and 7. 621 

Stimuli 622 

As stimuli, we adapted the two-dimensional Hollard and Delius (1982)’s shapes. We 623 

changed the colour of the stimuli to blue because this is one of the two hues falling in dogs’ 624 

visible spectrum (violet and blue-violet range: 430 to 475 nm wavelengths). Each stimulus was 625 

composed of nine adjacent squares forming an asymmetrical shape. The two shapes of each 626 

pair differed in the positioning of four of the squares. Each square measured 4 cm2 on the 627 

screen. We used three different pairs of stimuli to assess whether different shapes would have 628 
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influenced dogs’ accuracy. All stimuli were between 8 to 10 cm high and between 6 to 10 cm 629 

wide. They subtended approximately between 9.2° to 11.4° (height) and between 6.9° to 11.4° 630 

(width) of visual angle. Variations in wideness and height depend on the specific stimulus 631 

considered. All the upright stimuli are reported in Figure 5 and a rotated pair is in Figure 6. 632 

 Mirror invariance, the tendency to identify two mirror images as the same picture 633 

across left-right inversions, has been shown in humans and other primates (Biederman and 634 

Cooper, 1991; Logothetis et al., 1995; Pegado et al., 2014). Hence, we did not include mirror 635 

images in the task, as we wanted to increase the dogs’ possibilities of seeing a difference 636 

between the two alternatives. 637 

Procedure 638 

With one exception, the dog´s owner was present in the room throughout the whole 639 

experiment. To prevent interference, when present in the room, owners sat or stood more 640 

than 2 meters behind their dog. During test sessions, owners sat with their backs towards their 641 

dogs so that they could not see the screen, the experimenter nor the dog. 642 

The experiment included three consecutive training phases (until dogs reached 643 

predefined learning criteria, outlined in the following Paragraph) and a subsequent test phase.  644 

Training 645 

We trained pet dogs to discriminate between the elements of a pair of geometrical 646 

shapes. Each dog was trained and tested on a single pair of stimuli. This means that, 647 

throughout the whole experiment, only one stimulus (S+) was associated to a food reward 648 

while the other (S-) never was. To avoid side biases, the left/right position of the S+ changed 649 

pseudo-randomly, having no more than three consecutive presentations of the correct 650 

stimulus on the same side. 651 

Both training and test followed a simultaneous two-choice discrimination paradigm, 652 

previously used in touchscreen experiments for dogs (e.g., Müller et al., 2015). Dogs were 653 

trained to lay their heads on the chinrest and watch the screen prior to each trial.  Once the 654 

dog was in this initial position, the experimenter (standing on the right side of the apparatus) 655 

presented the stimuli on the screen. After 3 seconds in which the dog watched the stimuli, the 656 

experimenter manually moved the chinrest to the floor using the lever shown in Figure 4A. 657 

Dogs were then free to step forward and touch the screen with their nose. After each touch, 658 

the stimuli disappeared. If the choice was correct, and the trial was a rewarded one, a tone 659 

and a food pellet were automatically emitted by the feeder behind the dog. Otherwise, the 660 

experimenter lifted the chinrest back in place and started a new trial when the dog was ready 661 

again. To shape this complex behaviour, training was sub-divided in the following stages:  662 

1) Approach. Only for dogs with no or very little touch screen experience. 663 

Dogs were trained to approach the touchscreen as soon as a stimulus (a large black dot) 664 

appeared on the white screen. They were encouraged with food to touch the black dot with 665 

their nose. Touch responses were rewarded with a dog food pellet that was automatically 666 

dispensed from the feeder behind the dog. Each session consisted of 20 trials. When dogs had 667 

reliably performed the approach-touch response in this phase, as judged by the experimenter, 668 

they moved on to the pre-training.  669 

2) Pre-training: one shape - the reinforced stimulus. For every dog, at least 5 sessions. 670 

Dogs needed to touch the only stimulus appearing on the screen (one of the blue upright 671 

shapes, figure 5) to get a reward from the automatic feeder. At this stage, there was no 672 
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possibility of doing wrong because if dogs touched the white screen, nothing happened while 673 

if they touched the shape, they got a reward. For each dog, the shape appearing on the screen 674 

in this phase was always the same and it was the reinforced stimulus for that dog. When dogs 675 

reliably mastered this phase, as judged by the experimenter, they moved on to the next one. 676 

Each session consisted of 20 trials.  677 

3) Simultaneous two choice discrimination (100% rewarded) 678 

Dogs needed to discriminate between two simultaneously presented stimuli, the correct 679 

stimulus S+ (the same as seen in pre-training) and the S–, which is a different blue training 680 

shape. The left/right position of the S+ changed pseudo-randomly with never more than 3 681 

consecutive presentations of the same disposition. A reward was automatically dispensed for 682 

every correct response.  683 

When dogs chose the S–, the correction procedure started: the stimuli would 684 

disappear and the screen would turn red until the experimenter pressed the forward button. 685 

The chinrest was lifted back in place so that the dog could start the new trial with the head in 686 

a standardised position. Each wrong choice was followed by a correction trial, presenting the 687 

same configuration of stimuli again. Correction trials were excluded from the analysis of 688 

performance. 689 

Once a dog had reached the learning criterion (16 out of 20, i.e. 80% correct responses 690 

within a session in each of 3 consecutive sessions), it moved on to the next phase. If dogs 691 

found the discrimination too difficult, the experimenter could choose to insert a pre-training 692 

(phase 2) session (only one image) to recover the dog's motivation. In addition, the 693 

experimenter could decide to start a training day (phase 3) with a pre-training (phase 2) 694 

session.  695 

In this crucial training phase, dogs needed to learn to be persistent with their choice. If a dog 696 

was stuck, the experimenter could cover (with her hand) the wrong alternative or she could 697 

point to the right stimulus to make the task obvious for the dogs.  698 

4) Simultaneous two-choice discrimination training with partial reinforcement (85% 699 

rewarded) 700 

In the last training phase, dogs needed to discriminate between two simultaneously presented 701 

stimuli, the correct stimulus S+ (the same seen in pre-training) and the S–, which was a 702 

different blue training shape. If dogs chose the S+, they had around 85% of chances of being 703 

rewarded. 704 

On average 3 out of 20 trials in each session were not rewarded. During these 705 

unrewarded trials, nothing signalled the dog if they chose correctly or not. This partial 706 

reinforcement phase familiarised dogs with the reward contingency of the test sessions, in 707 

which 3 trials (those presenting the rotated stimuli) would have always been unrewarded. 708 

Each dog was trained until they reached the learning criterion of 80% correct responses 709 

in 3 consecutive sessions (48 correct/60 trials) or for at least 30 sessions without reaching this 710 

criterion. Some of the dogs were trained for longer as the owners were available to continue 711 

with the training. Only eight out of 23 dogs reached this learning criterion and moved on to 712 

the test phase. 713 

Test 714 

Each test day started with a training session for rehearsal purposes. Then we 715 

conducted the test sessions, consisting of 20 trials each. Within these 20 trials, 17 presented 716 
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the familiar training (upright) stimuli and 3 presented novel stimuli, which were the rotated 717 

versions of both the S+ and the S–. With this schedule we prevented dogs from losing 718 

motivation during the test sessions, as rotated stimuli were never followed by a reward. 719 

The left-right position of the two stimuli on the screen was pseudo-randomly balanced.  720 

During each test session, the 3 trials presenting rotated stimuli (test trials) were 721 

pseudo-randomly interspersed among trials presenting upright stimuli (training trials), with a 722 

test trial always followed at least by one training trial. Furthermore, the first trial in a test 723 

session was always a training trial.  724 

The transitional probabilities from one angle of rotation to another were balanced 725 

across the 24 test sessions. 726 

Quantification and statistical analyses 727 

The touchscreen automatically scored whether the response was correct or not for 728 

each trial. 729 

For each dog, we looked at the individual learning curve by plotting the accuracy for every 730 

session over the course of all training sessions (Figure S1). 731 

A camera mounted on the top of the screen recorded the dogs´ head while subjects 732 

were watching the screen with the head positioned centrally and straight on the chinrest Fig. 733 

4). Therefore, we were able to code precisely whether and how much dogs inclined their heads 734 

while watching the rotated stimuli. We extracted 180 frames (60 per second) from the test 735 

videos. The time window we considered went from the moment before the stimulus onset 736 

until the experimenter´s first movement to lower the chinrest (approximately 3 seconds, 737 

during which dogs were observing the screen with their head on the chinrest). We visually 738 

inspected the frames to determine the one with maximum head tilt (after stimulus onset). We 739 

measured the angle of head tilt as the angle between the dogs´ forehead-middle of the eyes 740 

line and the vertical axis (angles drawn in yellow in Figure 7) by using the angle tool of the 741 

software ImageJ (Schneider et al., 2012).  742 

We calculated the difference between the head tilt visible in the frame with widest 743 

rotation after the stimulus onset and the head tilt in the frame immediately preceding the 744 

stimulus onset. To assess the agreement between two coders on this variable and on the 745 

degrees of head tilts after the stimuli onset, we calculated Intra-class Correlation Coefficients 746 

on a subset of 60 observations of different subjects. In detail, we used a two-way random-747 

effects model to assess absolute agreement between the two coders, one of which was blind 748 

to the experimental hypothesis and conditions.  Because we were interested in the reliability 749 

of our dependent variables (as coded by a single rater) we calculated the ICC on single 750 

measurements (ICC type: “single”). The resulting inter-raters reliability was acceptable (for 751 

both variables, ICC: 78%; N=60, p<0.001).  752 

To validate the reliability of the automatic scoring made by the touchscreen, a second 753 

coder also scored the dogs’ accuracy from video recordings. We calculated an unweighted 754 

Cohen’s Kappa on 60 observations of different subjects. The agreement between touchscreen 755 

and second rater was almost perfect (Kappa = 0.966, N=60, p<0.001).  756 

   757 

To analyse dogs’ performance during training (phases 3 and 4), we fitted a generalized 758 

linear mixed model (GLMM; Baayen, 2008) with binomial error structure and logit link function 759 

(McCullagh and Nelder, 1989). We modelled the proportion of correct responses per session 760 
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as a function of sex and its interaction with session number (fixed effects). In addition to the 761 

test predictors, we included the session number, age and age squared and also the 762 

interactions between age and age squared, on the one hand, and session number, on the 763 

other, as control predictors with fixed effect. We included the interaction between sex and 764 

session number because a sex difference could manifest in one sex acquiring the capability of 765 

performing successfully faster than the other. We included age squared because, given the 766 

wide age range, we hypothesised that middle-aged dogs might have learned the task faster 767 

(i.e., they might have reached higher levels of accuracy within fewer sessions). We included 768 

dog identity, reinforced stimulus and session ID (nested within dog, as all subjects were 769 

trained for months) as random intercept effects. Finally, in this and in all the following models, 770 

all theoretically identifiable random slopes were included. This ensured that type-I error rate 771 

was kept at the nominal level of 0.05 and avoided overconfidence in the precision of the fixed 772 

effects estimates (Barr et al., 2013; Schielzeth and Forstmeier, 2009). Namely, in this model 773 

we included: the random slope of session number within dog and that of sex, of age and of 774 

the interaction between age squared and session number within reinforced stimulus.  775 

We checked the distribution of the random effects and we verified that the model was 776 

not overdispersed. The result showed no issue in this regard (dispersion parameter= 1.004). 777 

To test the significance of the main effect of sex and its possible interaction with 778 

session number, we used a likelihood ratio test (Dobson, 2002). This compared the fit of the 779 

full model with that of a null model, lacking the fixed effects of sex and its interaction with 780 

session number but retaining the same random effects structure and all other fixed effects 781 

present in the full model (Schielzeth and Forstmeier, 2009). For this and the following models, 782 

to draw inference about the individual predictors, we always used the function drop1 783 

(Chambers and Hastie, 1992), which drops each fixed effect from the model (one at a time) 784 

and uses a likelihood ratio test to compare the full with the respective reduced models (Barr 785 

et al., 2013). 786 

We assessed model stability with regards to the estimated coefficients and standard 787 

deviations by excluding the levels of the random effects one at a time (Nieuwenhuis et al., 788 

2012). This revealed the model to be of good stability.  789 

We fitted the model in R (version 3.6.3, R Core Team 2020) using the function glmer of 790 

the package lme4 (version 1.1-21; Bates et al., 2015). 791 

 792 

A second GLMM with the same error structure and link function was fitted to analyse 793 

dogs’ accuracy during test. We modelled the proportion of correct responses as a function of 794 

the angle of rotation of the stimuli and sex (fixed effects). In addition to the test predictors, 795 

we included direction of rotation (factor with levels: none, clockwise, and counter-clockwise), 796 

session number and age as control predictors with fixed effect. We included dog identity, 797 

reinforced stimulus, and session ID (nested within dog) as random intercept effects. The latter 798 

allowed the possibility of variation among sessions within dogs as all dogs were tested across 799 

several weeks. Finally, all theoretically identifiable random slopes were included in the model. 800 

Namely, these were the random slope of direction of rotation, stimulus rotation and session 801 

number within dog; direction of rotation, stimulus rotation, session number, sex and age 802 

within reinforced stimulus; and, finally, direction of rotation and stimulus rotation within 803 

session ID.  804 
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Initially we fitted a maximal model (Barr et al., 2013), including also the correlations 805 

among random intercepts and slopes. However, all absolute correlation parameters were 806 

close to 1  and hence not identifiable (Matuschek et al., 2017). Therefore, we fitted a second 807 

model excluding the correlations. We assessed the capability of the two models to fit the data 808 

comparing their log-likelihoods (-1545.569 (df=60) for the maximal model; -1559.429 (df=23) 809 

for the model without the correlations). As removing the correlation parameters only led to a 810 

moderate decrease in model fit, we used the model without correlations for further analysis.  811 

Prior to fitting the model, we z-transformed rotation, session number and age to a mean of 812 

zero and a standard deviation of one to increase the likelihood of the model to converge. We 813 

manually dummy coded and centred the factors direction of rotation (levels: no rotation, 814 

clockwise rotation and counterclockwise rotation; no rotation was set as reference category) 815 

and sex before including them as random slopes. 816 

We assessed model stability with regards to the estimated coefficients and standard 817 

deviations by excluding the levels of the random effects one at a time (Nieuwenhuis et al., 818 

2012). This revealed the model to be of good stability. We bootstrapped model estimates 819 

using the function bootMer of the package lme4 (Bates et al., 2015). We conducted an 820 

additional bootstrap, conditioning in the particular levels of the random effects (setting the 821 

argument use.u to “true”) which allowed to infer about the performance of the individual 822 

dogs.  823 

We fitted the model in R (version 3.6.3, R Core Team 2020) using the function glmer of 824 

the package lme4 (version 1.1-21; Bates et al., 2015). 825 

The sample for this model comprised 3840 observations, 576 of which were trials with rotated 826 

stimuli. Each one of the 8 dogs contributed equally to the number of observations (480 trials, 827 

obtained over 24 test sessions for each participant). The total number of incorrect choices was 828 

657 while correct choices were 3183. 829 

Because the results of this model suggested an effect of session number on accuracy, 830 

we further analysed only the performance with rotated stimuli (that were never reinforced) 831 

to test whether the effect of session number was driven by the reinforced trials with upright 832 

stimuli. To run this post-hoc manipulation check, we fitted a second model, identical to the 833 

first one but comprising only the 576 trials with rotated stimuli. 834 

We additionally compared each individual’s overall performance with rotated stimuli 835 

to chance level. To avoid multiple testing and the consequent risk of increasing the likelihood 836 

of type I error, we did not run a significance test for each dog and angle of stimulus rotation. 837 

Instead, to infer about individual performance, we used the confidence intervals for the fitted 838 

values shown in Figure 2. Confidence intervals not comprising the value of 0.5 are indicative 839 

of performance significantly above chance level.  840 

Finally, to quantify the relative contribution of the reinforced stimulus on accuracy, we 841 

compared the estimate of stimulus rotation (fixed effect) to the estimated standard deviations 842 

within reinforced stimulus (random intercept).  843 

 844 

We modelled the degrees of head tilt after the stimulus onset as a function of the 845 

amplitude of stimulus rotation and sex using a linear mixed model (Baayen, 2008) with 846 

Gaussian error distribution. . For both stimulus and head rotations, we transformed counter 847 

clockwise rotations to negative numbers. Prior to fitting the model, we z-transformed stimulus 848 
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rotation (45°, 90° and 135°) to a mean of 0 and a standard deviation of 1.  As we did not find 849 

any effect of direction of stimulus rotation on accuracy (paragraph “results - accuracy during 850 

test”), we did not include the direction of stimulus rotation (clockwise vs. counter clockwise) 851 

in this model. We included dog identity and reinforced stimulus as random intercept effects. 852 

Finally, all theoretically identifiable random slopes (stimuli rotation within subject and within 853 

reinforced stimulus) were included in the model. We fitted the model in R (version 3.6.3, R 854 

Core Team 2020) using the function lmer of the package lme4 (version 1.1-21; Bates et al., 855 

2015). 856 

 Additionally, we run a simple regression (general linear model with Gaussian error 857 

structure and identity link) for each dog, to investigate also at individual level the effect of the 858 

angle of stimulus rotation on wideness of the head tilts exhibited after the stimulus onset. As 859 

described for the model above, we transformed counter clockwise rotations to negative 860 

numbers and z-transformed the angles of stimulus rotation. To fit the models, we used the 861 

function lm in R.   862 

We checked the homogeneity and normality of the distribution of the residuals by 863 

inspecting qqplots. Model stability was evaluated through standardised DFFit-values (which 864 

compare the fitted values of a model using all data with those of a model with cases excluded 865 

one at a time) and Cook’s distance, a measure of the influence of each data point on model 866 

estimates (Queen and Keough, 2002) 867 

To analyse the influence of head tilt on performance, we fitted a generalized linear 868 

mixed model (GLMM; Baayen, 2008) with binomial error structure and logit link function 869 

(McCullagh and Nelder, 1989). We modelled the proportion of correct responses as a function 870 

of the absolute difference between the degrees of head tilt after the stimulus onset and the 871 

degrees of head tilt before the stimulus onset. The larger this absolute angle, the more 872 

accurate we expected dogs to be. We additionally included sex as test predictor and dog 873 

identity and reinforced stimulus as random intercept effects. Finally, as in the previous 874 

models, all theoretically identifiable random slopes (absolute angle of head rotation within 875 

subject and within reinforced stimulus) were included.  876 

 To evaluate the main effect of head tilts and sex on accuracy we compared the fit of 877 

the full model with that of a null model lacking these two effects in the fixed effects part using 878 

a likelihood ratio test (Dobson, 2002).  879 

For 79 trials it was not possible to measure an angle of head rotation before stimulus 880 

onset due to experimenter’s mistake in the procedure. For one trial it was not possible to 881 

measure the head rotation after the stimulus onset and whether the choice was correct or not 882 

due to touchscreen malfunctioning. Hence, the sample size for both models described in this 883 

section comprised 508 trials, 252 for counter clockwise-rotated stimuli and 256 for clockwise 884 

rotations measured from 8 subjects (between 28 and 78 trials per subject) and 5 different 885 

reinforced stimuli (between 28 and 78 trials per reinforced stimulus). In detail, for dogs 10 and 886 

22, the model included 37 and 28 complete observations respectively. For dog 21, 68 complete 887 

observations; for dog 07, 76 complete observations, for dog 37, 71 complete observations and 888 

for dog 29, 72 complete observations. Dogs 07, 11 and 20 were tested on 2 additional sessions 889 

(6 trials with rotated stimuli) relative to the other dogs. For dogs 11 and 20 all the 78 890 

observations were available.  891 
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For both models, we assessed stability by excluding the levels of the random effects 892 

one at a time (Nieuwenhuis et al., 2012) and calculated 95% confidence intervals conducting 893 

a parametric bootstrap based on 1000 repetitions. Individual effects were tested using 894 

likelihood ratio tests.  895 

896 
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