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Among animals, the visual acuity of several predatory bird species is probably the most outstanding. This has led researchers to predominantly use visually based tasks when studying avian cognition. In this study, we assessed whether wild skuas -which routinely use acoustic cues emitted by their prey during foraging -were able to locate hidden food by acoustic cues alone (training phase). During the subsequent test phase, we investigated the capacity of successful individuals to choose by exclusion in four conditions: (i) baited (shaking the baited container), (ii) full information (shaking both containers), (iii) exclusion (shaking the empty container), and (iv) control (shaking neither container). Four out of ten subjects succeeded in locating the baited container in the training phase. During the test phase, these four subjects chose the correct container significantly more than the empty container in the baited and full information condition, while their performance was at chance level in the control condition. When no sound emanated from the empty container in the exclusion condition, one out of four skuas chose the baited container with more accuracy than predicted by chance. As this bird chose correctly on its first trial and during the first 12 trials, this performance is unlikely due to learning processes (learning to exclude the empty container). Our results echo field studies that emphasise the importance of acoustic cues in wild skuas' foraging ecology and pave the way to test further this species' reasoning abilities.

Introduction

Animals vary considerably in the way they perceive and use information about their environment. As such, one basic step in studying animal cognition involves identifying which sensory modalities the target species most rely on. Among animals, birds are usually considered prime candidates for using visual cues. Thus, cognitive abilities such as exclusion performance, i.e. the capacity to select a correct option by excluding alternatives (reviewed in wing flashes of the body plumage: Furness et al. 2020). Trials were performed between 7 a.m. and 5 p.m. and each subject was tested separately on its territory.

Experimental setup and Materials

Two identical opaque plastic containers (13 cm in height and 11 cm in diameter) and two opaque plastic bottom lids (0.8 cm in height and 12 cm in diameter) were set up on a sliding platform (white standard Foamex PVC foam board, 58.8 cm in length, 40 cm in width), 25 cm apart (Figure 1). In each phase (i.e. training and test phase), one container held a motivating food reward (a fresh piece of fish, Salmo trutta). A stone (6 cm in height, 4 cm in width) was suspended by wire inside each container. In one container, the stone could rock from side to side when the container was shaken, thus producing an audible noise. In the second container, the stone was inaudible when the container was shaken (the stone was fixed with tape).

< Figure 1 about here >

Procedure

Training phase

Basic training. The experimenter lifted and shook only one baited container closed with its lid in front of the subject. To pass to Choice training, birds had to get the reward in 8 consecutive trials (1 session included of 8 trials, each trial between 5 sec -30 sec apart, two sessions per day, inter-session interval of minimum 30 min, maximum 8 sessions in total).

Choice training. Subjects had to make a choice between two containers -one shaken (baited) and one unshaken (unbaited) -and to locate acoustically the food reward. The experimenter simultaneously lifted and shook both containers closed with their respective lids. In order to move on to the test phase, the bird had to select the baited container at least 12 times within 15 consecutive trials (1 session included 5 trials, each trial between 5 sec -30 sec apart, 4 sessions per day, maximum 15 sessions in total).

Test phase

As in Choice training, one container held a food reward and birds received four conditions.

Baited. Only the baited container was lifted and shaken (approximately 20 cm from the ground and for 2-3 sec). After the container was put down, the subject was allowed to choose between both containers.

Full information. Both containers were lifted and shaken simultaneously (approximately 20 cm from the ground and for 2-3 sec).

Exclusion. Only the empty container was lifted and shaken (approximately 20 cm from the ground and for 2-3 sec).

Control. Both containers were lifted -but not shaken -simultaneously. Thus, the subjects were given no information about the food location. This was made to assess whether skuas could locate the hidden food reward by smell.

One session consisted of 4 trials, one for each experimental condition (1 Baited trial, 1 Full information trial, 1 Exclusion trial, and 1 Control trial; with a total of 20 trials for each condition per subject). The order of conditions within one session was presented randomly across days (each subject usually received 4 sessions per day, inter-trial interval: 1 hour). The order in which birds participated every day was assigned through the subjects' voluntary participation.

Analysis

We used generalized linear mixed-effects model trees to identify whether subgroups differed from each other by their success rate. One tree was implemented accounting for Lateralisation (position of the food: left vs right), Learning (trial number), and Condition (Baited, Full information, Exclusion, and Control). We then ran a GLMM analysis to determine whether observations (terminal nodes) significantly differed in their success rate.

Binomial tests were conducted to assess whether individual performance was different from chance performance in each condition (binomial test: p < 0.05). Analyses were carried out in R version 3.6 (R Core Team 2019), and the packages glmertree [START_REF] Fokkema | Detecting Treatment-Subgroup Interactions in clustered Data With Generalized Linear Mixed-Effects Model Tree[END_REF][START_REF] Hothorn | partykit: A Modular Toolkit for Recursive Partytioning in R[END_REF], lme4 [START_REF] Bates | Fitting Linear Mixed-Effects Models Using lme4[END_REF], and multcomp [START_REF] Hothorn | Simultaneous Inference in General Parametric Models[END_REF], were used to perform the analyses.

Results

All 10 skuas were able to get the reward from the shaken rewarded container during Basic training, and 4 out of 10 subjects during Choice training.

Model tree: Condition, Food position, and Trial.

The variable Condition was the first partitioning variable that yielded a p value below the pre-specified significance level (p ≤ 0.05; Figure 2 shows the resulting GLMM tree). The first split in the tree (node 1; p < 0.001) separated the data in two subgroups: the first subgroup represented the Control condition (terminal node 2) and the second subgroup included all other conditions i.e. Baited, Exclusion, and Full information condition (inner node 3; p = 0.01). Observations in inner node 3 were further split into two terminal nodes: terminal node 4 represented the Baited condition; and terminal node 5 both the Exclusion and Full information condition. Trial number (learning) and Food position never constituted a splitting variable, suggesting that skuas did not learn to choose one container over the experiment. Post hoc tests of the GLMM analysis showed that subjects' performance was significantly above chance in the Baited condition and the Exclusion & Full information conditions (Table 1). Performance was also significantly higher in the Baited condition compared to the Exclusion & Full information condition. No significant difference was found between the subjects' performance in the Exclusion condition and in the Full information condition.

< Figure 2 about here >

Individual performance

All subjects chose the correct container significantly more often than the incorrect container during the Baited condition (p < 0.05; Table 2), and one bird ('03A') during the Full information condition ('12A', '13A', and '21A' chose the correct container in 14 out of 20 trials). No bird chose the baited container above chance during the Control condition nor exhibited a strong side bias towards one container. One subject, '21A', chose the correct container significantly more often than the incorrect container in the Exclusion condition.

This subject selected the baited container on its first trial and over the level expected by chance during its first 12 trials.

Discussion

We report that some skuas were able to choose the correct container by using the sound associated with the presence of a food reward (Baited condition), including one bird solving the task in the absence of auditory information (Exclusion condition). Birds did no rely on low-level social enhancement effects (choosing the container manipulated by the experimenter), as they identified correctly the baited container when both containers were simultaneously shaken in the Full information condition. Skuas were also unable to locate by smell the rewarded container when both containers were lifted -but not shaken -in the Control condition.

From the adaptive perspective, and considering results in the Baited and Full information condition, the cups task may tap into the listening behaviour that our specialized population study exhibits to locate prey [START_REF] Mougeot | Predation as a cost of sexual communication in nocturnal seabirds: an experimental approach using acoustic signals[END_REF]. In the absence of auditory information, however, one skua successfully passed the task with no apparent learning (on the 1 st trial and during the following first 11 trials; [START_REF] Shaw | Exclusion in corvids: the performance of foodcaching Eurasian jays (Garrulus glandarius)[END_REF]). However, future experiments are needed to draw definitive conclusions about this species' reasoning abilities (e.g. three-or four-way cups tasks, e.g. [START_REF] Ferrigno | Reasoning Through the Disjunctive Syllogism in Monkeys[END_REF][START_REF] Marsh | Inference by exclusion in liontailed macaques (Macaca silenus), a hamadryas baboon (Papio hamadryas), capuchins (Sapajus apella), and squirrel monkeys (Saimiri sciureus)[END_REF] 
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	Contrast	Estimate	SE	z	Pr(|z|)
	Baited condition -Control condition	2.41	0.39	6.14	< .001
	Exclusion/Full information -Control	1.35	0.29	4.66	< .001
	condition				
	Exclusion/Full information -Baited	-1.06	0.36	-2.99	0.01
	Model formula: Test ~ Condition + Food position + Trial + (1|Subject)			
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