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Introduction

Means-end understanding refers to situations in which an individual carries out actions (the means) in order to overcome an obstacle (the end) (Huber & Gadjon 2006). This ability develops relatively late in humans [START_REF] Piaget | The origins of intelligence in children[END_REF]) although we crucially depend on it in our everyday lives. The usual way of studying means-end understanding in animals is to offer them physical problem-solving tasks [START_REF] Schuck-Paim | Means to an end: Neotropical parrots manage to pull strings to meet their goals[END_REF], such as, the widely used stringpulling paradigm [START_REF] Jacobs | The string-pulling paradigm in comparative psychology[END_REF][START_REF] Krasheninnikova | String-pulling in spectacled parrotlets (Forpus conspicillatus)[END_REF][START_REF] Obozova | Do Great Grey Owls Comprehend Means-end Relationships?[END_REF][START_REF] Obozova | A comparative assessment of birds' ability to solve string-pulling tasks[END_REF]. In a horizontal set-up, subjects must pull the end of a string stretched out on the ground and connected to an out-of-reach food reward (the obstacle).

Since pulling the string does not indicate means-end understanding per se (e.g. associative learning, accidental success), subjects are typically tested in choice situations assessing whether they show goal-directed behaviour, rely on proximity, and/or depend on visual feedback. Although experiments on Passeriformes and Psittaciformes are plentiful (for a review see [START_REF] Jacobs | The string-pulling paradigm in comparative psychology[END_REF], it is of great interest to expand research to phylogenetically more distant, still poorly represented avian orders [START_REF] Ellison | Testing problem solving in turkey vultures (Cathartes aura) using the string-pulling test[END_REF].

The largely unstudied ground-hornbill represents an interesting model for investigating means-end understanding. The genus Bucorvus includes only two species, the Northern ground-hornbill and the Southern ground-hornbill. These two species possess several life history traits commonly linked to enhanced cognition [START_REF] Ricklefs | The cognitive face of avian life histories: the 2003 Margaret Morse Nice Lecture[END_REF]): large relative brain andforebrain sizes [START_REF] Sol | Big-brained birds survive better in nature[END_REF], but see [START_REF] Logan | Beyond Brain Size[END_REF], a high innovation rate [START_REF] Lefebvre | Brains, innovations and evolution in birds and primates[END_REF], and late sexual and physical maturity (after 3-6 years: Del Hoyo et al. 2001). A few first field studies have revealed that they resemble corvids in certain complex social behaviours (e.g. play, food exchange, allopreening; Del Hoyo et al. 2001) and other life history traits (e.g. long incubation period, longevity, long parental care; Del Hoyo et al. 2001), which is interesting since corvids stand out among passerine species for their large relative brains and cognitive abilities [START_REF] Clayton | The social life of corvids[END_REF]. Although little is known about the reproductive behaviour of the Northern ground-hornbill, the Southern ground-hornbill is a cooperative breeder (i.e. the group members assist a dominant pair in feeding and raising the young, [START_REF] Kemp | The biology of the Southern ground hornbill Bucorvus leadbeateri (Vigors) (Aves: Bucerotidae)[END_REF], which may represent a further potential selection pressure acting on cognition.

Complex sociality and cooperative breeding are hypothesised to have driven enhanced cognitive abilities [START_REF] Burkart | Cooperative breeding and human cognitive evolution[END_REF].

Moreover, these omnivorous birds capture prey such as snakes or other large reptiles with pulling actions. They then dismember the prey by tearing it apart, thus indicating that the actions required for the horizontal string-pulling task might have ecological relevance to this genus. Different aspects of a species' ecology have been assumed to influence string-pulling performance in other large-brained birds, such as parrots and corvids [START_REF] Jacobs | The string-pulling paradigm in comparative psychology[END_REF]. For instance, tool-using New Caledonian crows (Corvus moneduloides) usually show goal-directed pulling behaviours when using and manufacturing tools (e.g., [START_REF] Hunt | Manufacture and use of hook-tools by New Caledonian crows[END_REF].

The goal of this study was to assess means-end understanding of two ground-hornbill species in a horizontal string-pulling task.

Methods

Subjects and housing

Three captive born ground-hornbills participated in this study. One was a 12-year-old male Northern ground-hornbill (Bla.) and two were 9-year-old Southern ground-hornbills (one male = Da., one female = Di.). All subjects belonged to the Bird Park, in Villars-les-Dombes, France.

The two species were housed individually in adjacent outdoor aviaries (c. 17m 2 and 2m height), in a calm area of the park. Prior to the current study, no subject had ever been tested in any cognitive task.

Experimental setup and materials

The test apparatus consisted of two strings (both during the habituation and the test phase: braided sisal cord, 3mm in diameter and 54cm in length, 22cm apart; 108cm long in the coiled condition), which were set up in parallel on a flat wooden board (60cm x 50cm). The food reward was half of a defrosted chick of ca. 30g, known to be of particularly high value to the birds. The ends of the strings were in reach of the subject under a large vertically striped Plexiglas panel (85cm x 50cm), set up in front of the subjects' outdoor aviaries (Figure 1). The experiments were recorded using a video camera (Samsung camera HMX-F90) mounted on a tripod.

< Insert Figure 1 about here >

Procedure

Habituation

Subjects were first familiarized with the recording equipment, the apparatus and the unrewarded strings for 3 hours.

Test

Subjects participated in 16 trials (max. 5 min each, 2-4 per day, 5 min apart) in each condition (Figure 1). The parallel condition examined the birds' goal-directedness, by presenting a choice between a rewarded string and an unrewarded one. In the converged condition, both strings converged but only one was rewarded. This condition was likely more difficult than the parallel condition because it required subjects to pay greater attention to the position of the strings relative to the reward. The contact condition required the subjects to understand that the string has to be physically connected with the reward. In this condition, the physical gap (6 cm, in the middle of the broken string, thus at some distance from the reward) in one of the strings was visually more salient than in the connection condition (in this latter, the distance between the two disconnected ends of the broken string was 1 cm). The connection condition is arguably more difficult to solve, as success in the contact condition may arise from learning to 'avoid' the string with the obvious gap. In the four above-mentioned conditions, the position of the broken (or unrewarded) strings was pseudo-randomized and counterbalanced across the test trials. Furthermore, to prevent subjects from making second choices, the apparatus was removed as soon as one string was pulled. In contrast, both strings were rewarded and could be pulled in the coiled condition. This condition examined the reliance on perceptual feedback (when the string was pulled the reward moved closer, creating a form of positive reinforcement) by examining whether subjects would switch between the two strings if the reward did not move after their first pulling attempts. For that purpose, both rewarded strings were double in length (108 cm). After being presented with the parallel condition first, the other four conditions were presented in a pseudo-randomized order (see Table 1). All 16 trials per condition were completed before the subject moved to the next condition. The order in which subjectsparticipated every day was randomly assigned.

Scoring and Analysis

In all conditions we recorded (i) which string the subject pulled first, and (ii) whether the subject was able to retrieve the reward or not. In the coiled condition, we recorded when the ground-hornbills first switched between the strings (before or after the food started moving) in total, during their first 8 trials and their final 8 trials. One-tailed binomial tests were used to examine whetherthe individual performance per condition was above chance.

Results

Inter-individual differences in performance were observed between the conditions (binomial tests; p < .05, one-tailed, Figure 2).

< Insert Figure 2 about here >

The Northern ground-hornbill Bla. and the male Southern ground-hornbill Da. chose the rewarded string significantlyabove chance in the parallel and in the converged condition. Bla. succeeded above chance in the contact condition, but all birds failed in the connection condition (for the subjects' trial-by-trial performances, see Table 1).

< Insert Table 1 about here >

The performance of Di., the female Southern ground-hornbill, stayed at chance level throughout all conditions, but this individual exhibited a strong side bias towards the left string (binomial test: p < .05, one-tailed; Table 2).

< Insert Table 2 about here >

All subjects retrieved the reward in all 16 trials of the coiled condition, butthey switched between the strings rather than continuing to pull the string they had chosen first until the food started moving towards them in the majority of trials (side switches before the food had moved occurred in Bla.: 10/16 trials; Da.: 15/16 trials; Di.: 10/16 trials). These switches were observed in all individuals in the first eight trials before the food started moving (sideswitches occurred in Bla.: 6/8 first trials; Da.: 7/8 first trials; Di.: 4/8 first trials). Subjects did not stop switching between the strings above chance in their last 8trials (side switches occurred in Bla.: 4/8 last trials; Da.: 8/8 last trials ; Di.: 6/8 last trials).

Discussion

Overall the ground-hornbills were surprisingly adept horizontal string-pullers in comparison to other avian species tested to date (e.g. great grey owls Strix nebulosa, Obozova & Zorina 2013, red crossbills, Loxia curvirostra, eurasian blue tits, Cyanistes caeruleus, [START_REF] Obozova | A comparative assessment of birds' ability to solve string-pulling tasks[END_REF].

Our results revealed that one individual of each species (Northern and Southern groundhornbill, Bla. and Da. respectively), were able to select the rewarded string in a goal-directed manner (parallel and converged condition). The fact that no subject pulled the unrewarded strings during habituation also seems to support goal-directedness (rather than other explanatory factors such as curiosity or self-rewarding behaviour). The Northern groundhornbill (Bla.) appeared to visually determine whether or not the string and the reward were physically connected (contact condition). This subject seemed to have means-end understanding of the effects of the string on the reward. However, none of the subjects were able to solve the connection condition, for either cognitive or perceptual reasons as discussed below. For instance, ground-hornbills may have paid particular attention to the region of the string closest to the reward but poor attention to its middle part, which may explain the difference of performance between converged and contact/connection conditions. The chance performance of the female Southern ground-hornbill Di. in all five conditions was a consequence of a strong side bias rather thana reflection of its cognitive ability, a mistake which is commonly encountered in many species (Jacobs & Osvath2015). Bla. and Da. on the other hand may have some understanding of the task but probably only alimited concept of 'connectedness' [START_REF] Herrmann | Great apes' (Pan troglodytes, Pan paniscus, Gorilla gorilla, Pongo pygmaeus) understanding of tool functional properties after limited experience[END_REF]. Similar results have been found in chimpanzees (Pan troglodytes), which seem to depend on the degree of current or potentialcontact between the string and the reward [START_REF] Povinelli | Folk physics for apes: The chimpanzee's theory of how the world works[END_REF]. However, the overlap of the two cut ends of the discontinuous string in the connection condition may have made the gap more difficult to discern, therefore the birds' errors may have arisen from them perceiving both strings as connected. The failure may also originate from poor attention as reported from apes in a similar broken-tool paradigm [START_REF] Mulcahy | Can orangutans (Pongo abelii) infer tool functionality?[END_REF]. Moreover, it is possible that the length of the gap in the contact/no contact and connection conditions (i.e., a gap easier to discern in the contact/no contact condition than in the connection condition) may have produced the difference in performance. Although all three subjects did not stop pulling the coiled strings despite the lack of initial visual feedback, they unnecessarily switched to the second string before the food on the first one had moved forward in most of their trials. It is interesting however that there were a few trials, even among their first three, in which the ground-hornbills kept pulling the first string they chose, thusraising the question of whether their switching in the other trials was indicative of their reliance on visual feedback and failure to understand the causal physical relationship between the string and the reward, or whether it occurred because the behaviour was not sufficiently costly. Although the conclusions from this experiment are limited by the small sample size, the ground-hornbills in this study exhibited a cognitive performance in this physical cognition task that is comparable to that of other large-brained species in similar tasks (e.g. [START_REF] En | String-pulling behaviour in a Harris's Hawk Parabuteo unicinctus[END_REF][START_REF] Ellison | Testing problem solving in turkey vultures (Cathartes aura) using the string-pulling test[END_REF][START_REF] Krasheninnikova | String-pulling in spectacled parrotlets (Forpus conspicillatus)[END_REF][START_REF] Schuck-Paim | Means to an end: Neotropical parrots manage to pull strings to meet their goals[END_REF]. This performance may originate from the ground-hornbills' complex social life-style. Living and hunting in groups may have developed the ability to understand the interactions between conspecifics [START_REF] Humphrey | The social function of intellect[END_REF]. These capacities may have been transferred to the physical domain, allowing to predict the interactions between inanimate objects. Ground-hornbills' success may have been influenced by other factors (Jacobs & Osvath2015). For instance, they may have shown better attention when faced with two different stimuli at the same time comparing to other avian species tested on this paradigm e.g. great-grey owls [START_REF] Obozova | Do Great Grey Owls Comprehend Means-end Relationships?[END_REF]. Ground-hornbills may also have possessed better inhibition, by not pulling directly and indiscriminately on the string, and/or may have been more motivated to get the reward. The cognitive capacity of Bucorvus ought to be further explored by future studies using multiple tests both at the physical and social domain. An accumulating comparative dataset of phylogenetically close and distinct taxa will ultimately shed light on the potential role sociality and ecology play in the evolution of cognitive abilities.
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Table 1. Subjects' performances trial-by-trial (1 = success; 0 = no success). For illustrative purposes, a gap between the strings of the incorrect side is shown in the connection condition. 

Figure 1 .

 1 Figure legends

Figure 2 .

 2 Figure 2. Number of successful tests in the horizontal string-pulling task.
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Table 2. Overview of side preferences. 
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