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Spontaneous mirror self-recognition is achieved by only a limited number of species, suggesting a sharp “cognitive Rubicon” that only few can pass. But is the demarcation line that sharp? In studies on monkeys, who do not recognize themselves in a mirror, animals can make a difference between their mirror image and an unknown conspecific. This evidence speaks for a gradualist view of mirror self-recognition. We hypothesize that such a gradual process possibly consists of at least two independent aptitudes, the ability to detect synchronicity between self- and foreign movement and the cognitive understanding that the mirror reflection is oneself. Pigeons are known to achieve the first but fail at the second aptitude. We therefore expected them to treat their mirror image differently from an unknown pigeon, without being able to understand that the mirror reflects their own image. We tested pigeons in a task where they either approached a mirror or a Plexiglas barrier to feed. Behind the Plexiglas an unknown pigeon walked at the same time toward the food bowl. Thus, we pitched a condition with a mirror-self and a foreign bird against each other, with both of them walking close toward the food bowl. By a detailed analysis of a whole suit of behavioral details, our results make it likely that the foreign pigeon was treated as a competitor while the mirror image caused hesitation as if being an uncanny conspecific. Our results are akin to those with monkeys and show that pigeons do not equal their mirror reflection with a conspecific, although being unable to recognize themselves in the mirror.
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INTRODUCTION

Spontaneous mirror self-recognition is limited to humans (starting with 15–24 month-old children) and a few other species, including chimpanzees, orangutans, elephants, dolphins, Indian house crows, and magpies (Gallup, 1970; Amsterdam, 1972; Suarez and Gallup, 1981; Anderson, 1984; Reiss and Marino, 2001; Rochat, 2003; Plotnik et al., 2006; Prior et al., 2008; Buniyaadi et al., 2019). According to a recent striking study, it even occurs in the cleaner wrasse fish (Labroides dimidiatus), which is capable of detecting a colored mark on its throat with the help of a mirror and subsequently displays throat-scraping behavior to remove the mark (Kohda et al., 2019). As in the fish example, the traditional mirror self-recognition (MSR) task uses a painted, body-attached or injected mark that cannot be seen without the help of a mirror. MSR is assumed to occur if an animal spontaneous attempts to inspect or remove the mark in front of a mirror (Gallup, 1970).

However, the mark test only produces binary pass-or-fail results, suggesting the existence of a sharp evolutionary ‘cognitive Rubicon’ that only a few species can pass (de Waal, 2019). But even within these species, many individuals fail to succeed (Povinelli et al., 1993; Prior et al., 2008; Buniyaadi et al., 2019). In addition, several experimental findings seem not to be consistent with an all-or-nothing interpretation of MSR. For instance, rhesus monkeys (Macaca mulatta) fail spontaneous MSR tasks, but start using mirrors to scrutinize their body after being trained on a refined version of the mark test (Chang et al., 2015, 2017; Huttunen et al., 2017). Moreover, although monkeys do not recognize their mirror image at a first glance, they are capable of using mirrors to locate hidden objects or unseen conspecifics (Eglash and Snowdon, 1983; Bayart and Anderson, 1985; Macellini et al., 2010). Capuchin monkeys (Cebus apella) also fail MSR but react to their mirror image as if it was an unreal, uncanny individual rather than a stranger or themselves (de Waal et al., 2005). These results provide evidence for an intermediate psychological state (or capability) between full MSR and its total absence (de Waal, 2019). Therefore, we hypothesize that the ability to detect the correlation between self and mirror movements is a necessary but insufficient component of self-recognition. The minimal further component is possibly the cognitive ability to conclude that movement synchronicity results from the fact that the reflected animal in the mirror is oneself. Species that detect the correlation but fall short of understanding the implication could constitute an intermediate group between pass and fail. They do not pass MSR but recognize that the animal in the mirror is somehow different from a conspecific. Thus, they should treat their reflection not like they would do when being confronted with an unknown conspecific. We set out to test this prediction using pigeons.

Pigeons do not show spontaneous MSR but can be conditioned to exhibit self-recognition-like behavior (Epstein et al., 1981; Uchino and Watanabe, 2014). Additionally, pigeons are able to detect synchronicity between their own and video-based movements (Toda and Watanabe, 2008). Thus, pigeons are ideal candidates to test our assumption that such animals should treat their mirror image different from an unknown pigeon, although not passing MSR. Our task differed from traditional MSR experiments in that we aimed to determine how exposure to a mirror image or an unknown conspecific behind a Plexiglas panel altered the approach and consumption of food as well as individual behavior. The assessment of MSR was therefore indirect and carried out in a context in which the animal is producing a natural and expected behavior (approaching food, followed by feeding). In addition to telling us how sensitive pigeons are to the presence of other pigeons competing for food, differences in foraging activity and other behavioral alterations between the two conditions (mirror vs. stranger) would indirectly suggest that they treat their reflection differently from another pigeon. By combining traditional measurements and the dynamical analysis of behavioral patterns, we showed that, like monkeys, pigeons do not perceive their mirror image as a stranger.



MATERIALS AND METHODS


Animals and Housing Conditions

Sixteen naïve adult homing pigeons (Columba livia, 14 males and 2 females) obtained from local breeders were maintained at 85–90% of their free-feeding body weight throughout the experiment, while water was accessible ad libitum. Eight pigeons used as experimental pigeons were housed under visual isolation in individual cages. The other eight pigeons were unknown pigeons (strangers) housed inside an aviary under a 12 h light/dark cycle (lights on at 7:30 am). Thus, no social interaction occurred between the experimental and the unknown pigeons while housed. All procedures followed the German guidelines for the care and use of animals in science, and were in accordance with the European Communities Council Directive 86/609/EEC concerning the care and use of animals for experimentation.



Apparatus

The experiment was conducted in a wooden box with two identical compartments (50 cm long × 60 cm width × 30 cm height). Depending on the experimental phase, either a gray opaque plastic wall, a transparent Plexiglas panel or a mirror of identical size (50 cm long × 30 cm height) was used to separate the compartments. A bowl (10.8 cm long × 5.3 cm width × 4.3 cm height) with 10 g of a grain mixture was located in front of the separation panel, in the corner opposite to the entrance and adjacent to the separation. Each session was recorded with an external camera (Sony Hybrid HDD). For a posteriori deep learning analysis, the training of the experimental pigeons was recorded by a GoPro (Hero4 Session) placed on top of the compartment.



Conditions

We tested our birds under three conditions:


Approaching a Wall (Wall)

Pigeons approached a feeder placed at the front corner of a gray opaque plastic wall.



Approaching a Mirror (Mirror)

Pigeons approached a feeder placed at the front corner of a mirror.



Approaching an Unknown Pigeon (Stranger)

Pigeons approached a feeder placed at the front corner of a Plexiglas panel; behind this panel, an unknown pigeon was approaching its own feeder at the same time.

The experimental pigeons were used in balanced order throughout the three conditions (Figure 1A). The stranger pigeons were only used as companions behind the Plexiglas panel in the third condition.


[image: Figure 1]
FIGURE 1. (A) Schematic illustration of the experimental setup in the Wall, Mirror and Stranger conditions, top to bottom, respectively. (B) Schematic illustration of the body orientation indexes. The value of 1 indicates a body orientation toward feeder/mirror, −1 is an orientation opposite to feeder/mirror, and 0 describes an orientation of 90° relative to feeder/mirror. (C) Latency to approach the feeder. (D) Left, mean body orientation indexes across time. Filled regions represent SEM. Right-time-series modeling revealed the differences between two conditions. Lines represent posterior mean and shaded areas 95% credible intervals. *p < 0.05.





Procedure

Wall and Mirror sessions started with the placement of a pigeon into a compartment through the entrance door from where it walked to the feeder. In the Stranger condition, one unknown pigeon and one experimental pigeon were placed in adjacent compartments through their separate entrance doors. Both pigeons walked toward their feeder, thereby inevitably approaching the Plexiglas from both sides. Thus, the Mirror and Stranger conditions only differed with the respect to the individual pigeon seen by the experimental bird. In the Mirror condition, it was itself, and in the Stranger condition an unknown conspecific. Half of the pigeons were tested in the left compartment and the other half in the right compartment to eliminate any side effects. Sessions involving a mirror or a Plexiglas panel were counterbalanced across the experimental pigeons, each of them being always tested with the same member (of the same sex) of the stranger pigeons. Pairs of pigeons were stable over time. This was justified by the fact that the experimental birds also got used to their mirror reflection over time. Depending on the session, the experimental birds could therefore only see the wall, their reflection (mirror) or the same stranger pigeon (Plexiglas) in the neighboring compartment.

To begin with, the experimental pigeons were habituated to the mirror in their home cage for five consecutive days with 1 h each day. This step was necessary to avoid initial arousal when the pigeons were exposed to a mirror for the first time (Gallup, 1970; Suarez and Gallup, 1981; Plotnik et al., 2006). Prior to this experiment, they had also been exposed to real individuals on many occasions since they had been raised in flocks. Then, all pigeons were habituated to the experimental box for two consecutive days with 10 min per day. After this habituation phase, the experimental pigeons were exposed to each condition (Wall, Mirror, and Stranger) for a total of 6 days or sessions per condition. Their presentation was counterbalanced across the experiment, which started and ended with an exposure to the Wall condition. Each session lasted 10 min and was video recorded (see Supplementary Material). Note that there was perfect synchronicity during approach and feeding between the pigeon and its reflection in the Mirror condition, while synchronicity was obviously lower in the Stranger condition.



Behaviors Analyzed per Session
 
Time Latency to Reach the Feeder

Time elapsed between the placement of the pigeon in the arena and its first peck in the feeder.



Total Number of Pecks

Number of times the pigeon had a vertical head movement directed to the feeder. It was impossible to see if thereby a grain was ingested.



Body Orientation

Because of the pigeons' body posture during feeding, it was technically not possible to track their beak—which would have given direct information of their head orientation. So, body orientation was used as the closest indicator of their activity. It is the cosine of the body-to-head vector relative to the center of the feeder in front of either the wall, the Plexiglas partition, or the mirror. A value of 1 means that the pigeon is oriented straight to the feeder, 0 that the pigeon stands 90 degrees to it, and −1 that the pigeon turns its back to the feeder (Figure 1B). Note that these different orientations relative to the feeder also work with respect to the mirror self-image or the unknown pigeons behind the Plexiglas. In addition, due to the anatomy of the pigeon's skeleton, body orientation during feeding can be assumed to be similar to the head orientation.



Activity Rate

Average speed of body movement while not feeding. Feeding episodes were defined by the proximity of the head position of pigeons to the feeder using tracking protocol as described below. Speed was measured by position changes between subsequent frames and was then log-transformed for statistical analysis for normality.



Other Behaviors

Because our experiment reflected various aspects of social foraging, the videos were in addition manually checked in detail to detect any occurrence of individual behaviors as described below and shown in the Supplementary Videos:


Shaking

Moving of body parts like head, tail, or wing along a curve in fluent and repeated motion.



Preening

Maintenance behavior which involves the use of the beak to reposition feathers on different parts of the body. A preening event was scored each time the beak touched the body and was scored until its end.



Head Scratching

Left or right foot scratches the head.



Wing Flapping/Opening

Partial or total extension of one or both wings with occasional flapping.



Pecking Plexiglas/Mirror/Wall

Pecks at the barrier that separates the compartments.



Attack

The barrier separating the compartments is hit with part of the body without using the beak.





Video Tracking and Statistical Analyses

Video-tracking was performed by using the machine-learning-based tracking software DeepLabCut (Nath et al., 2019), excluding the first 2 s of the videos from the analyses. This exclusion was required to normalize the data between conditions since the stranger pigeon was put into the box 1–2 s before the experimental pigeon. The tracked trajectories were smoothed using LOESS (locally estimated scatterplot smoothing) to remove noise. These tracked trajectories were used as input for body orientation and activity rate analysis. Body orientation over time was compared between conditions using a time series modeling technique. Briefly, the model incorporates dynamic fluctuations of body orientation, the difference between conditions, and the periods during which the difference occurred. These variables allowed us to examine the effects of the mirror and of the unknown pigeon, and the time periods during which those effects occurred. The difference was evaluated by checking whether Bayesian credible intervals overlapped with 0. Time latency to reach the feeder, total numbers of pecks, and the session effect within each condition to examine the familiarization of pigeons were compared by means of a linear mixed model. Individual differences were accounted for as random effects. The significance was tested with likelihood ratio tests, and the Tukey's test was used as a post-hoc multiple comparison method. Partial η2 was reported as an effect size.

Individual behavior analysis and classification were carried out by the experimenter and a blind observer who was naïve relative to the experimental questions. The experimenter trained the blind observer to identify the different behaviors of interest in this study. To determine inter-rater reliability, 44 of the 144 videos were scored by the experimenter and the 144 videos were scored by the blind observer. An interrater reliability analysis using the Kappa statistic confirmed the consistency among the experimenter and the blind observer (Kappa = 0.85, p < 0.001). A two-way repeated measures ANOVA was conducted to compare the effects of condition and day on the number of observed behaviors. For the comparison between conditions, a Tukey's test was used as a post-hoc test. Additionally, a repeated measures ANOVA was applied to examine the session effects within each condition. Statistical analysis was performed using R 3.5.3 (R Core Team, 2020) and multiple Python packages (McKinney, 2010; Harris et al., 2020; The Pandas Development Team, 2020).




RESULTS

The latency to reach the feeder decreased over sessions (Figure 1C; χ2(5) = 53.52, p < 0.0001, ηp2 = 0.31), the main effect of each condition on latency fell just short of significance [χ2(2) = 5.98, p = 0.0503, ηp2 = 0.05], and a significant Condition × Session interaction was found [χ2(10) = 26.56, p = 0.003, ηp2 = 0.18]. A post-hoc comparison showed that the latency to reach the feeder was overall higher in the Mirror condition and the difference was mostly observable when compared to the Stranger condition (Mirror vs. Stranger: z = 2.28, pcorr = 0.058; Mirror vs. Wall: z = 1.41, pcorr = 0.33, Stranger vs. Wall: z = 0.87, pcorr = 0.66). The latency in the Mirror condition was the highest and differed significantly from the Wall condition in the first session (z = 3.22, pcorr = 0.004). The overall comparison of the sessions within the conditions revealed that the session effect was significant in the Stranger and the Mirror conditions, while this effect was not significant in the Wall condition [Stranger: χ2(5) = 38.12, p < 0.0001, Mirror: χ2(5) = 38.80, p < 0.0001, Wall: χ2(5) = 4.21, p = 0.520]. Further post-hoc tests showed that only the 1st session was significantly different from the other sessions in the Mirror and the Stranger conditions, while performance remained similar in the rest of the sessions (session 1 vs. other sessions; Stranger: pcorr ≤ 0.05, Mirror: pcorr ≤ 0.02). The total number of pecks were not significantly different across conditions [χ2(2) = 5.87, p = 0.053, ηp2 = 0.05] and sessions [χ2(5) = 5.67, p = 0.34, ηp2 = 0.05].

The time series model revealed that both the Mirror and the Stranger conditions evoked behavior that was more oriented toward the feeder and hence toward the other bird (Figure 1D), upper and middle panels; posterior mean 0.16 (9.17 degrees) with a 95% CI (0.06 0.26) between Wall and Mirror; 0.32 (18.66 degrees) with (0.21 0.42) between Wall and Stranger. The amount of feeder/bird-directed behavior was higher in the Stranger than in the Mirror condition according to a 95% CI (Figure 1D), bottom panel; −0.16 (−9.24 degrees) with [−0.27 −0.06], indicating that the real conspecific individual grabbed more attention.

Activity rates were significantly different across conditions [Figure 2A, χ2(2) = 10.93, p = 0.004, ηp2 = 0.07]. Subsequent multiple comparisons between the Stranger and the Mirror conditions revealed that the former produced higher activity rates than the latter (z = 3.31, pcorr = 0.003), but no difference was found between conditions Mirror and Wall (z = 1.90, pcorr = 0.14) and between conditions Stranger and Wall (z = 1.75, pcorr = 0.18). The comparison of the sessions within the conditions demonstrated that the activity patterns remained similar across the sessions in all conditions [Stranger: χ2(5) = 7.07, p = 0.22; Mirror: χ2(5) = 0.74, p = 0.98; Wall: χ2(5) = 0.74, p = 0.98].


[image: Figure 2]
FIGURE 2. (A) Mean activity rates with the individual data points. Error bars represent SEM. (B) Boxplots of pigeons' self-oriented behaviors in the experimental conditions (mean values are provided in Table 1). Condition had a significant effect on observed behaviors. Pigeons exhibited significantly more behaviors in the Stranger condition compared to the Mirror condition. The whiskers extend to the factor 1.5 of the interquartile range (IQR), with outliers omitted. *p < 0.05.


Pigeons exhibited a number of other behaviors, as defined above (Table 1, shaking, preening, head scratching, wing flapping/opening, pecking Plexiglas/mirror/wall, and attack). A two-way repeated measures ANOVA revealed that condition [F(2, 14) = 4.433, p = 0.032, ηp2 = 0.388] and day [F(5, 35) = 4.281, p = 0.004, ηp2 = 0.380] had a significant effect on body-oriented behaviors (shaking, preening, head scratching, and wing flapping/opening), while their interaction was not significant [F(10, 70) = 0.845, p = 0.588]. These behaviors occurred significantly more often in the Stranger as compared to the Mirror and the Wall conditions (Figure 2B, Stranger vs. Mirror: pcorr = 0.021; Stranger vs. Wall: pcorr = 0.022). The effect of the session was not significant within the conditions [Stranger: F(5, 35) = 2.06, p = 0.09; Mirror: F(5, 35) = 2.45, p = 0.053; Wall: F(5, 35) = 1.22, p = 0.32]. Relative to the Wall condition, pigeons showed elevated surrounding-oriented behaviors (pecking Plexiglas/mirror/wall and attack) in Stranger and Mirror conditions, however these behaviors did not differ significantly among the conditions.


Table 1. Total and mean number of observed behaviors.

[image: Table 1]



DISCUSSION

Pigeons do not pass the classic MSR test in which animals have to spontaneously touch a mark on their body that is only visible in a mirror (Epstein et al., 1981; Uchino and Watanabe, 2014). Despite this fact, our study shows that pigeons do not equal their mirror reflection with a conspecific. We show that, in the Mirror condition, pigeons took more time to approach the mirror, exhibited a lower activity rate, less feeder/mirror-oriented behaviors and reduced amount of self-oriented activities than in the Stranger condition. These findings indicate that foraging pigeons spontaneously distinguish an unknown individual from one that behaves in perfect synchrony with themselves.

In nature, pigeons forage in groups (Lefebvre, 1985; Sol and Senar, 1995) and are very sensitive to dominance relationships during feeding (Diebschlag, 1940). Nagy et al. (2013) studied complex dominance hierarchies in groups of pigeons during social foraging. They calculated the dominance metric as the dot product of the velocity and distance vectors of one pigeon relative to another, with a positive value indicating a potentially dominant relationship. These two criteria can be viewed as functionally equivalent to the activity rate and the body orientation measure in our experiment. In the Stranger condition, we saw that these two components had a significantly higher value than in the Mirror condition. In the light of the study by Nagy et al. (2013), these results suggest that the presence of a stranger pigeon in the next compartment evoked a socially competitive foraging situation. Owing to the fact that the beak disappeared from the videos during most vertical foraging movement of the pigeons, it was not possible to track their beak, which might have provided direct information about head orientation. However, Theunissen and Troje (2017) demonstrated that pigeons often take a stable body position and compensate for the movement of environmental cues with head rotations. In the absence of moving cues, they usually keep their head-body position aligned. Therefore, tracking their beak should have provided no more information. In addition, the relationship between head orientation and vision field is complex in birds. They have very limited eye movements (Pratt, 1982) and move their head for better depth perception, using several specialized parts of their eyes (Stamp Dawkins, 2002). This question is out of the scope of the present study.

Birds spend around 9.2% of their daily time doing maintenance-related behaviors such as preening, scratching, and shaking (Cotgreave and Clayton, 1994). Lab and field studies show that foraging in front of a competitor represents a stressful situation, since the food consumed by the competitor is no longer available to oneself (Delius, 1967; Raouf et al., 2006). Indeed, when birds are exposed to a competitor or a potential predator, they show higher activity levels and especially elevated levels of preening and other kinds of displacement behaviors (Delius, 1967, 1988; Lima, 1995; Roberts, 1996; Fernández-Juricic et al., 2004). The same is true when they receive an injection of adrenocorticotropic hormone (ACTH) to induce stress (Delius et al., 1976; Kralj-Fiser et al., 2010) or an injection of dopamine (Acerbo, 2001). Indeed, the presence of a competitor in the next compartment increases the uncertainty to obtain food, a factor known to boost corticosterone and dopamine release in birds and mammals (e.g., Fiorillo et al., 2003; Hart et al., 2015; Marasco et al., 2015). It is premature to draw firm conclusions about the neurochemical systems involved in our behavioral study. What can be said, however, is that the higher rates of self-oriented behaviors in the Stranger condition (shaking, preening, scratching with the feet, wing flapping/opening) are also typically observed in wild pigeons and other avian species under conditions of behavioral conflicts, stress, food restriction, and social thwarting—i.e., under conditions often associated with the intrusion of a competitor (Delius, 1988; Henson et al., 2012).

Our findings show that pigeons displayed self-oriented (and other) behaviors significantly more in the Stranger than in the Mirror condition. Thus, pigeons are able to distinguish a real individual (potential competitor) and their mirror image (less credible competitor), for which there was more hesitation, in a social foraging situation.

It is unlikely that the significant effects in our results can be explained by the auditory cues induced by the other pigeon behind the Plexiglas barrier. First, activity rate was measured while the pigeons were not feeding, so the pecking sounds from the bird nearby could play no role. The differences in body orientation were also mainly observed after feeding, suggesting that pecking sounds played no role as well. Our conclusion that the effects obtained in this study result from visual inspection only are supported by findings in Clark's nutcrackers that show behavioral changes when confronted with a mirror image, independent of any potential noise or odor from a conspecific (Clary and Kelly, 2016).

Although pigeons do not show spontaneous MSR, we already mentioned that they can be conditioned for food reward to peck a spot on their body that is only visible in a mirror (Epstein et al., 1981; Uchino and Watanabe, 2014). Most important for the present study is also their ability to distinguish between live self-videos of themselves and pre-recorded self-videos that were taken in a previous session (Toda and Watanabe, 2008). Thus, pigeons can detect the kinesthetic correlation between mirror image and self-movements but seem to fail to infer its implication. Our study now pitched the mirror and the stranger situations as similar as possible to each other to be able to argue against the hypothesis of a sharp ‘cognitive Rubicon’. Instead, we argue that spontaneous MSR depends on at least two aptitudes: The first is the ability to detect the correlation between one's own movements and those in the mirror. The second is the cognitive capability to subsequently conclude that the mirror image is a reflection of oneself. Pigeons and some further species (de Waal et al., 2005; Desjardins and Fernald, 2010; Ueno et al., 2020) seem to manage the first ability but fail the second. These species are often disturbed by their mirror image and treat it like an uncanny conspecific but seem not to realize why this happens. Similarly, some brain-damaged human patients lose the ability to understand that a mirror reflects themselves and conclude that their mirror image is a strange person who happens to look similar to them (Feinberg, 2001).

Our results are in favor of a gradualist interpretation of MSR, where animal species can be placed along a continuum from a total absence of self-recognition (no synchronicity detection and no implication drawn) to full MSR (synchronicity detection and correct interpretation). A species whose members (or part of them) can detect synchronicity without drawing its major implication stands in an intermediate position. By failing to succeed in spontaneous MSR tasks while being able to detect movement synchronicity, pigeons, and probably many other species, are in this intermediate category of animals for which the mirror reflection is not another individual or themselves but something they cannot fully identify. It is likely that the gradual emergence of MSR is even more fine-grained since studies in macaques show that training can give rise to MSR (Chang et al., 2015, 2017). This gradualist explanation may make more sense from an evolutionary point of view than a sudden and parallel emergence of full-blown MSR in few branches of the animal kingdom (de Waal, 2019).



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://github.com/neslihanedes/avian-look-into-the-mirror-code and https://ruhr-uni-bochum.sciebo.de/s/WCL1Mgr3ITWmB5B.



ETHICS STATEMENT

The animal study was reviewed and approved by All procedures followed the German guidelines for the care and use of animals in science, and were in accordance with the European Communities Council Directive 86/609/EEC concerning the care and use of animals for experimentation.



AUTHOR CONTRIBUTIONS

NW, OG, and PA designed the experiment. NK and NW tested the pigeons. NW, HM, and FO analyzed the results. NW, HM, PA, and OG wrote the manuscript. All authors gave final approval for publication.



FUNDING

This study was supported by the DFG through An1067/3-1 to PA and through 122679504 SFB 874 (project B5) to OG, and by the Japan Society for the Promotion of Science through 201960149 to HM.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2021.669039/full#supplementary-material



REFERENCES

 Acerbo, M. (2001). The role of dopamine and glutamate in associative learning by the pigeon (Columba livia) (dissertation). Mathematics and Natural Sciences Faculty of University of Konstanz, Konstanz, Germany.

 Amsterdam, B. (1972). Mirror self-image reactions before age two. Dev. Psychobiol. 5, 297–305. doi: 10.1002/dev.420050403

 Anderson, J. R. (1984). The development of self-recognition: a review. Dev. Psychobiol. 17, 35–49. doi: 10.1002/dev.420170104

 Bayart, F., and Anderson, J. R. (1985). Mirror-image reactions in a tool-using, adult male Macaca tonkeana. Behav. Process. 10, 219–227. doi: 10.1016/0376-6357(85)90069-5

 Buniyaadi, A., Taufique, S. K. T., and Kumar, V. (2019). Self-recognition in corvids: evidence from the mirror-mark test in Indian house crows (Corvus splendens). J. Ornithol. 161, 341–350. doi: 10.1007/s10336-019-01730-2

 Chang, L., Fang, Q., Zhang, S., Poo, M., and Gong, N. (2015). Mirror-induced self-directed behaviors in Rhesus monkeys after visual-somatosensory training. Curr. Biol. 25, 212–217. doi: 10.1016/j.cub.2014.11.016

 Chang, L., Zhang, S., Poo, M., and Gong, N. (2017). Spontaneous expression of mirror self-recognition in monkeys after learning precise visual-proprioceptive association for mirror images. Proc. Natl. Acad. Sci. U.S.A. 114, 3258–3263. doi: 10.1073/pnas.1620764114

 Clary, D., and Kelly, D. M. (2016). Graded mirror self-recognition by clark's nutcrackers. Sci. Rep. 6:36459. doi: 10.1038/srep36459

 Cotgreave, P., and Clayton, D. H. (1994). Comparative analysis of time spent grooming by birds in relation to parasite load. Behaviour 131, 171–187. doi: 10.1163/156853994X00424

 de Waal, F. B. M. (2019). Fish, mirrors, and a gradualist perspective on self-awareness. PLoS Biol. 17:e3000112. doi: 10.1371/journal.pbio.3000112

 de Waal, F. B. M., Dindo, M., Freeman, C. A., and Hall, M. J. (2005). The monkey in the mirror: hardly a stranger. Proc. Natl. Acad. Sci. U.S.A. 102, 11140–11147. doi: 10.1073/pnas.0503935102

 Delius, J. D. (1967). Displacement activities and arousal. Nature 214, 1259–1260. doi: 10.1038/2141259a0

 Delius, J. D. (1988). Preening and associated comfort behavior in birds. Ann. N. Y. Acad. Sci. 525, 40–55. doi: 10.1111/j.1749-6632.1988.tb38594.x

 Delius, J. D., Craig, B., and Chaudoir, C. (1976). Adrenocorticotropic hormone, glucose and displacement activities in pigeons. Z. Tierpsychol. 40, 183–193. doi: 10.1111/j.1439-0310.1976.tb00931.x

 Desjardins, J. K., and Fernald, R. D. (2010). What do fish make of mirror images? Biol. Lett. 6, 744–747. doi: 10.1098/rsbl.2010.0247

 Diebschlag, E. (1940). Psychologische Untersuchungen über die Rangordung bei der Haustaube [Psychological studies of social hierarchy in the domestic pigeon]. Z. Tierpsychol. 4, 173–188. doi: 10.1111/j.1439-0310.1940.tb00624.x

 Eglash, A. R., and Snowdon, C. T. (1983). Mirror-image responses in pygmy marmosets (Cebuella pygmaea). Am. J. Primatol. 5, 211–219. doi: 10.1002/ajp.1350050305

 Epstein, R., Lanza, R. P., and Skinner, B. F. (1981). ‘Self-awareness’ in the pigeon. Science 212, 695–696. doi: 10.1126/science.212.4495.695

 Feinberg, T. E. (2001). Altered Egos: How the Brain Creates the Self. Oxfordo: Oxford University Press.

 Fernández-Juricic, E., Siller, S., and Kacelnik, A. (2004). Flock density, social foraging, and scanning: an experiment with starlings. Behav. Ecol. 15, 371–379. doi: 10.1093/beheco/arh017

 Fiorillo, C. D., Tobler, P. N., and Schultz, W. (2003). Discrete coding of reward probability and uncertainty by dopamine neurons. Science 299, 1898–1902. doi: 10.1126/science.1077349

 Gallup, G. G. (1970). Chimpanzees: self-recognition. Science 167, 86–87. doi: 10.1126/science.167.3914.86

 Harris, C. R., Millman, K. J., Walt, S. J., van der Gommers, R., Virtanen, P., Cournapeau, D., et al. (2020). Array programming with NumPy. Nature 585, 357–362. doi: 10.1038/s41586-020-2649-2

 Hart, A. S., Clark, J. J., and Phillips, P. E. M. (2015). Dynamic shaping of dopamine signals during probabilistic Pavlovian conditioning. Neurobiol. Learn. Memory 117, 84–92. doi: 10.1016/j.nlm.2014.07.010

 Henson, S. M., Weldon, L. M., Hayward, J. L., Greene, D. J., Megna, L. C., and Serem, M. C. (2012). Coping behaviour as an adaptation to stress: post-disturbance preening in colonial seabirds. J. Biol. Dyn. 6, 17–37. doi: 10.1080/17513758.2011.605913

 Huttunen, A. W., Adams, G. K., and Platt, M. L. (2017). Can self-awareness be taught? Monkeys pass the mirror test—again. Proc. Natl. Acad. Sci. U.S.A. 114, 3281–3283. doi: 10.1073/pnas.1701676114

 Kohda, M., Hotta, T., Takeyama, T., Awata, S., Tanaka, H., Asai, J., et al. (2019). If a fish can pass the mark test, what are the implications for consciousness and self-awareness testing in animals? PLoS Biol. 17:e3000021. doi: 10.1371/journal.pbio.3000021

 Kralj-Fiser, S., Scheiber, I. B. R., Kotrschal, K., Weiss, B. M., and Wascher, C. A. F. (2010). Glucocorticoids enhance and suppress heart rate and behaviour in time dependent manner in greylag geese (Anser anser). Physiol. Behav. 100, 394–400. doi: 10.1016/j.physbeh.2010.04.005

 Lefebvre, L. (1985). Stability of flock composition in urban pigeons. Auk 102, 886–888.

 Lima, S. L. (1995). Collective detection of predatory attack by social foragers: fraught with ambiguity? Anim. Behav. 50, 1097–1108. doi: 10.1016/0003-3472(95)80109-X

 Macellini, S., Ferrari, P. F., Bonini, L., Fogassi, L., and Paukner, A. (2010). A modified mark test for own-body recognition in pig-tailed macaques (Macaca nemestrina). Anim. Cogn. 13, 631–639. doi: 10.1007/s10071-010-0313-1

 Marasco, V., Boner, W., Heidinger, B., Griffiths, K., and Monaghan, P. (2015). Repeated exposure to stressful conditions can have beneficial effects on survival. Exp. Gerontol. 69, 170–175. doi: 10.1016/j.exger.2015.06.011

 McKinney, W. (2010). “Data structures for statistical computing in python,” in Proceedings of the 9th Python in Science Conference, eds S. van der Walt, and J. Millman (Austin, TX: SciPy), 56–61. doi: 10.25080/Majora-92bf1922-00a

 Nagy, M., Vásárhelyi, G., Pettit, B., Roberts-Mariani, I., Vicsek, T., and Biro, D. (2013). Context-dependent hierarchies in pigeons. Proc. Natl. Acad. Sci. U.S.A. 110, 13049–13054. doi: 10.1073/pnas.1305552110

 Nath, T., Mathis, A., Chen, A. C., Patel, A., Bethge, M., and Mathis, M. W. (2019). Using DeepLabCut for 3D markerless pose estimation across species and behaviors. Nat. Protoc. 14, 2152–2176. doi: 10.1038/s41596-019-0176-0

 Plotnik, J. M., de Waal, F. B. M., and Reiss, D. (2006). Self-recognition in an Asian elephant. Proc. Natl. Acad. Sci. U.S.A. 103, 17053–17057. doi: 10.1073/pnas.0608062103

 Povinelli, D. J., Rulf, A. B., Landau, K. R., and Bierschwale, D. T. (1993). Self-recognition in chimpanzees (Pan troglodytes): distribution, ontogeny, and patterns of emergence. J. Comp. Psychol. 107, 347–372. doi: 10.1037/0735-7036.107.4.347

 Pratt, D. W. (1982). Saccadic eye movements are coordinated with head movements in walking chickens. J. Exp. Biol. 97, 217–223. doi: 10.1242/jeb.97.1.217

 Prior, H., Schwarz, A., and Güntürkün, O. (2008). Mirror-induced behavior in the magpie (Pica pica): evidence of self-recognition. PLoS Biol. 6:e202. doi: 10.1371/journal.pbio.0060202

 R Core Team (2020). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. Available online at: https://www.R-project.org/ (accessed May 4, 2021).

 Raouf, S. A., Smith, L. C., Brown, M. B., Wingfield, J. C., and Brown, C. R. (2006). Glucocorticoid hormone levels increase with group size and parasite load in cliff swallows. Anim. Behav. 71, 39–48. doi: 10.1016/j.anbehav.2005.03.027

 Reiss, D., and Marino, L. (2001). Mirror self-recognition in the bottlenose dolphin: a case of cognitive convergence. Proc. Natl. Acad. Sci. U.S.A. 98, 5937–5942. doi: 10.1073/pnas.101086398

 Roberts, G. (1996). Why individual vigilance declines as group size increases. Anim. Behav. 51, 1077–1086. doi: 10.1006/anbe.1996.0109

 Rochat, P. (2003). Five levels of self-awareness as they unfold early in life. Conscious. Cogn. 12, 717–731. doi: 10.1016/S1053-8100(03)00081-3

 Sol, D., and Senar, J. C. (1995). Urban pigeon populations: stability, home range, and the effect of removing individuals. Can. J. Zool. 73, 1154–1160. doi: 10.1139/z95-137

 Stamp Dawkins, M. (2002). What are birds looking at? Head movements and eye use in chickens. Anim. Behav. 63, 991–998. doi: 10.1006/anbe.2002.1999

 Suarez, S. D., and Gallup, G. G. (1981). Self-recognition in chimpanzees and orangutans, but not gorillas. J. Hum. Evol. 10, 175–188. doi: 10.1016/S0047-2484(81)80016-4

 The Pandas Development Team (2020). Pandas-dev/pandas: Pandas. Zenodo.

 Theunissen, L. M., and Troje, N. F. (2017). Head stabilization in the pigeon: role of vision to correct for translational and rotational disturbances. Front. Neurosci. 11:551. doi: 10.3389/fnins.2017.00551

 Toda, K., and Watanabe, S. (2008). Discrimination of moving video images of self by pigeons (Columba livia). Anim. Cogn. 11, 699–705. doi: 10.1007/s10071-008-0161-4

 Uchino, E., and Watanabe, S. (2014). Self-recognition in pigeons revisited. J. Exp. Anal. Behav. 102, 327–334. doi: 10.1002/jeab.112

 Ueno, H., Suemitsu, S., Murakami, S., Kitamura, N., Wani, K., Takahashi, Y., et al. (2020). Behavioural changes in mice after getting accustomed to the mirror. Behav. Neurol. 2020:4071315. doi: 10.1155/2020/4071315

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Wittek, Matsui, Kessel, Oeksuez, Güntürkün and Anselme. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpsyg-12-669039-t001.jpg
Behaviors Wall Mirror Stranger

sum ] SEM sum mM SEM sum M SEM
Shaking 187 3.90 028 183 381 038 228 475 0.44
Preening 246 5.12 069 249 5.19 076 359 7.48 076
Head scratching 10 021 007 4 0.08 0.04 12 025 020
Wing flapping/opening 14 0.10 006 17 039 0.13 6 0.06 0.06
Pecking wall/mirror/plexiglas 0 0 0 ° 0.19 0.08 21 0.44 0.16
Attack 0 0 0 12 025 0.7 10 021 o.11






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mirror Self-Recognition in Pigeons: Beyond the Pass-or-Fail Criterion



		Introduction



		Materials and Methods



		Animals and Housing Conditions



		Apparatus



		Conditions



		Approaching a Wall (Wall)



		Approaching a Mirror (Mirror)



		Approaching an Unknown Pigeon (Stranger)









		Procedure



		Behaviors Analyzed per Session



		Time Latency to Reach the Feeder



		Total Number of Pecks



		Body Orientation



		Activity Rate



		Other Behaviors



		Shaking



		Preening



		Head Scratching



		Wing Flapping/Opening



		Pecking Plexiglas/Mirror/Wall



		Attack















		Video Tracking and Statistical Analyses







		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Psychology

Mirror Self-Recognition in Pigeons:
Beyond the Pass-or-Fail Criterion





OPS/images/fpsyg-12-669039-g001.gif





OPS/images/fpsyg-12-669039-g002.gif
aistebution ofscloricnicd
behaviours

mbror  strasger  wall









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychology





