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ABSTRACT
Alarm vocalisations are a common feature of the mammalian antipredator response. The meaning and function of these calls vary between species, with some species using calls to reference specific categories of predators. Species can also use more than just the calls of conspecifics to detect threat, “eavesdropping” on other species’ signalling to avoid predation. However, the evidence to date for both referential signalling and eavesdropping within primates is limited. We investigated two sympatric populations of wild lemur, the Coquerel’s sifaka Propithecus coquereli and the common brown lemur Eulemur fulvus, presenting them with playbacks of predator calls, conspecific alarm calls and heterospecific lemur alarm calls, and recorded their behavioural responses following the playbacks. Results suggest that the Coquerel’s sifaka may have functionally referential alarm calls with high specificity for aerial predators, but there was no evidence for any referential nature of the other call investigated. Brown lemurs appear to have a mixed alarm system, with one call being specific with respect to aerial predators. The other call investigated appeared to reference terrestrial predators. However, it was also used in other contexts, so does not meet the criteria for functional reference. Both species showed evidence for heterospecific alarm call recognition, with both the Coquerel's sifaka and the brown lemurs responding appropriately to heterospecific aerial alarm calls.
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INTRODUCTION
In many species alarm calls are a means of communicating potential threats to conspecifics, whereby some of the alarm calls refer to highly specific traits of the predator. Many species have several acoustically distinct alarm calls, specific with respect to predator species, e.g. Placer and Slobodchikoff (2000), category of predator, e.g. Fichtel and Kappeler (2002); Kiriazis and Slobodchikoff (2006), or urgency of threat, e.g. Furrer and Manser (2009); Warkentin et al. (2001). In urgency-based alarm calls, different calls signal the level of threat posed by a predator and are thought to evolve where one response is appropriate for multiple predator types (Furrer and Manser 2009). 
Referential alarm calls are thought to be more likely to evolve where differing predator evasion behaviours are appropriate depending on predator type (Macedonia and Evans 1993). For an arboreal species, an appropriate response to an aerial predator may be to flee down, and to a terrestrial predator to flee upwards. Playbacks were first used to demonstrate functionally referential alarm calls in vervet monkeys Chlorocebus pygerythrusby (Seyfarth et al. 1980). Vervets emit acoustically distinct alarm vocalisations when they detect eagles, leopards or snakes, which elicit appropriate responses depending on the predator’s behaviour and likely location. Such referential calls have also been demonstrated in a range of other birds and mammals. 
Evidence for referential alarm calls in birds was first demonstrated using playbacks in chickens Gallus gallus, who have functionally referential calls for both aerial and terrestrial predators (Evans and Marler, 1993). Subsequent evidence in birds for functionally referential predator alarm calls has mostly come from passerines. Great tits Parus major produce functionally referential calls for different types of nest predator (Suzuki 2011, 2012). White-browed scrubwrens Sericornis frontalis have referential calls, one for flying avian predators and one for ground predators or perched avian predators (Higgins & Peter 2002; Platzen & Magrath 2004, Platzen & Magrath 2005). Siberian Jays Perisoreus infaustus produce different calls depending on the behaviour of the predator (Griesser 2008, 2009). Amongst non-primate mammals, Gunninson's prairie dogs Cynomys gunnisoni use four different alarm calls, each specific to a different predator type (Kiriazis & Slobodchikoff 2006). Meerkats have also shown evidence for referential calls for different predator classes (Manser et al. 2002). A large body of the work to date on functionally referential alarm calls has been in primates. Functionally referential calls have been demonstrated in Diana monkeys Cercopithecus diana; (Zuberbühler 2000), Campbell’s monkeys Cercopithecus campbelli; (Zuberbuhler 2000), ring-tailed lemurs Lemur catta; (Macedonia 1990), Verreaux’s sifakas Propithecus verreauxi; redfronted lemurs Eulemur rufifrons; (Fichtel and Kappeler 2002) and Coquerel’s sifakas Propithecus coquereli (Fichtel and Kappeler 2011).
As well as listening and responding to the vocalisations of conspecifics, many species also listen and respond to the calls of other species (McGregor 2005), and use the alarm calls of other prey species as cues for threat; this is referred to as “eavesdropping” (McGregor 2005). For example, white-browed scrubwrens and superb fairy-wrens Malurus cyaneus co-occur in mixed species flocks and respond appropriately to playbacks of each other’s aerial alarm calls (Magrath et al. 2007). Heterospecific call recognition also occurs outside of close mutualistic relationships between similar species: the Sahamalaza sportive lemur Lepilemur sahamalazensis shows increased vigilance after the alarm calls of sympatric birds (Seiler et al. 2013). Some species not only respond to alarm calls of other species, but display appropriate responses according to the referential nature of those calls. Vervet monkeys recognise the alarm calls of the superb starling Lamprotornis superbus, and respond appropriately to their aerial and terrestrial alarm vocalisations (Seyfarth and Cheney 1990).
Lemurs are a useful study subject for understanding functionally referential calls in primates, with their behaviour thought to be indicative of early primates. Studies in lemurs have found that some alarm calls are highly specific for predator types, but in some species alarm calls are also used in other contexts (Fichtel and Kappeler 2002, Fichtel and Kappeller 2011, Macedonia 1990). Previous studies in Coquerels sifakas both in captivity and in the wild have shown a mixed alarm system with some calls being specific with respect to predator type, and others referencing categories of predator but also being used in other contexts (Fichtel and Kappeller 2011; Fichtel and Van Schaik 2006). There have been no previous experimental studies on the function of the calls of the common brown lemur Eulemur fulvus. In lemurs, evidence for heterospecific referential call recognition is limited, but has been shown between ring-tailed lemurs and Verreaux's sifakas (Oda and Masataka 1996) and between redfronted lemurs and Verreaux's sifakas (Fichtel 2004). 
We investigated the alarm vocalisations and antipredator behaviour of two sympatric lemur species: the Coquerel’s sifaka and the common brown lemur. The range of the two species overlaps in the north-west of Madagascar, where they regularly occur in sympatry (Mittermeier et al. 2010). The species share common predators, including the Madagascar harrier hawk Polyboroides radiatus, the fossa Cryptoprocta ferox and constrictor snakes (Brockman 2003; Gardner et al. 2015; Goodman et al. 1993; Hawkins and Racey 2008; Karpanty and Goodman 1999). Both lemur species are predominantly arboreal, although brown lemurs forage and travel on the ground more regularly. Coquerel’s sifakas are diurnal, whereas brown lemurs are cathemeral (Mittermeier et al. 2010). The two species are of similar size, with adult brown lemurs weighing around 3 kg and Coquerel’s sifakas around 4 kg (Mittermeier et al. 2010).
We conducted playback experiments to establish whether the two lemur species possessed functionally referential alarm calls, and whether reciprocal heterospecific alarm call recognition existed between the two species. Here we define functionally referential as meeting 'production' and 'perception' criteria as described in Macedonia and Evans (1993). For the ‘production’ criterion to be met “referential signals should exhibit a degree of stimulus specificity” (Macedonia and Evans 1993). To meet the ‘perception’ criterion “referential signals should be sufficient, in the absence of the eliciting stimulus and of other normally available cues, to allow receivers to select appropriate responses” (Macedonia and Evans 1993).
We observed how individual lemurs of both species responded to playbacks of: (a) predator calls; (b) conspecific alarm calls; and (c) heterospecific lemur alarm calls, recording the behaviour of the focal individual, including any calls subsequent to the playback. An alarm call should elicit a response without the predator stimulus, and the calls of predators alone has been shown to elicit antipredator responses in other lemur species (e.g. Fichtel and Kappeler 2002). By examining the response behaviour, it is possible to infer with what type of threat the calls are associated. We predicted that, due to the need for different appropriate escape responses for terrestrial and aerial predators, both species will have referential calls for aerial and terrestrial predators. Terrestrial calls were expected to be given in response to ground predator calls, and elicit looking downward and fleeing upward. Aerial alarm calls were expected to be given in response to aerial predator calls, and elicit looking upward and fleeing downward.
METHODS
Study Site
We conducted the study in the north-west of Madagascar, in the 750 Ha Anjajavy private reserve, between the 01/08/2016 and the 17/09/2016. The reserve is predominantly dry deciduous forest, and extends between 14° 59’ 12’’ and 15° 1' 22” South and 47° 12' 35” and 124 47° 14' 48” East.
Subjects
Brown lemurs and Coquerel’s sifakas are common in the reserve, and have been habituated due to regular contact with humans through tourism for over 20 years. Individuals generally did not flee or show signs of stress when over two metre from humans. As individuals were not radio-collared and the majority were not individually identifiable by physical traits, we did not choose specific individuals for study. We presented playbacks when groups were encountered by chance in the field, but only when they were engaged in stationary activities such as resting, feeding or grooming. We chose a single lemur at random from those suitable for observation to be the focal individual for behavioural analysis. We did not present playbacks to groups that showed signs of stress, and monitored groups for fifteen minutes prior to the playback to ensure no other alarm or predator calls had been heard. We only chose arboreal individuals, so that they could escape both up and down. Due to the timing of the study, some of the Coquerel’s sifakas carried offspring, but we only used adults as focal individuals. Individual groups could be identified by group number, location, and by presence or absence of infants. To avoid habituation, we did not present the same group with the same call in one day. Calls were played in a randomised order and groups could be presented with the same call again anywhere from two days later to hearing no further playbacks of the call. In total, we investigated nine groups of Coquerel’s sifaka and five brown lemur groups, with observed brown lemur group size ranging from 11 to 16 and group size of Coquerel’s sifakas ranging from one to seven.
Playback stimuli
To establish the meaning of alarm calls, we presented lemurs with conspecific alarm calls and the calls of two of their predators: the Madagascar harrier hawk, a raptor, and the fossa, a mammalian predator. We also played the alarm calls of the Coquerel’s sifaka to the brown lemurs and vice versa, to establish whether reciprocal alarm call recognition existed. We used the alarm call (Bark) of the Hamadryas baboon Papio hamadryas as a control (see Fig. 1), as the lemurs should have had no prior experience of this call and therefore should not associate it with any referential meaning. Previous playback studies in lemurs have also used baboon alarm barks as controls (Fichtel 2004).
We produced playback audio stimuli using recordings from the Cornell University Macauley online database, ArKive, and by recording vocalisations in the field. Vocalisations taken in the field were recorded from spontaneous calling, in response to playbacks of predator calls and in natural encounters with predators and humans. We recorded vocalisations in the field using an Audio-Technica ATR6550 microphone (frequency response 70-18000Hz) on tele mode from between two and five meters and stored them on a Nikon D5500 digital DSLR camera. Calls were sampled at 40kHz. We created the playbacks presented using Audacity (R) version 2.1.2 recording and editing software. We used six different playbacks from six individuals for each call category to avoid simple pseudoreplication (Kroodsma 1990). We edited all calls and controls to be four-seconds in duration and of similar intensity to natural calling (for call rates see Fig. 1). 
The nomenclature for categorisation of the calls investigated is confused in the literature. For example “roaring bark” described by Jolly (1966) has a number of synonyms, including “barking call” (Petter and Charles-Dominique 1979), “roar chorus” (Macedonia and Stanger 1994) and “roar and bark” (Wright 1998). We will hereafter refer to the calls of the Coquerel’s sifaka as ‘roaring bark’ and ‘tchi-fak’, as in Fichtel and Kappeler (2011) and the calls of the brown lemur as ‘grunt’ and ‘wail’. The grunt call is referenced by a number of studies (Gamba et al. 2012; Macedonia and Stanger 1994) but analogues of the wail call are unclear, as we could find no studies displaying spectrograms equivalent. Spectrograms of the calls are shown in Figure 1 and were produced using Raven Lite 2.0
Playback Procedure
We presented calls using the JBL Flip 3 Bluetooth speaker, which has a frequency range of 85 Hz to 20 kHz (covering the full range of lemur and predator calls) at ~ 80 db at four metres for all calls. We positioned the speaker between one and two metres from the ground and within five metres of the base of the tree the lemur was in, hidden from sight behind vegetation. Although higher would have been more appropriate for the calls of raptors, this was not possible due to safety concerns. Previous studies have shown raptor calls played from ground level to be effective (Fichtel and Van Schaik 2006; Fichtel and Kappeler 2002) from similar or lower heights.
We also positioned the speaker at least a 90-degree rotation around the tree from the camera, so that the audio stimulus was not associated with the researcher or the camera. The researcher was positioned at least 6 m from the vegetation containing the subject, to ensure this did not cause the subject stress. The proximity and volume of the playbacks means they were presented as high urgency. We presented playbacks in a randomised order for each species.
Video recording of behavioural response
We filmed the behavioural responses of the focal lemur using a Nikon D5500 DSLR camera before and for a minute after the start of the audio stimulus. We recorded the date, time, location, behaviour before the playback (feeding, resting, grooming) and group size (including any infants in the group), as well as any vocalisations and movements in the minute after the start of the playback. We also noted any relevant anecdotal evidence from observed natural predator encounters or alarm calling.
Data analyses
We used the video recordings to analyse behavioural responses in the minute following the start of the playback stimulus, scoring behaviour of the focal individual for a number of parameters. To avoid bias when scoring, BW assessed playbacks for behaviour in chronological order, without audio or knowledge of the playback type presented and was therefore blind to the playback category when scoring. We recorded occurrence, duration or frequency of the following response behaviours: (1) Vocalisation, if yes call type (recorded in the field); (2) Gaze direction, duration up or down only; (3) Scanning frequency, defined as changes in gaze direction greater than 20 degrees in any direction; (4) Direction of initial movement, up or down only; and (5) No reaction. These parameters should reveal whether the subject associates the call with aerial or terrestrial threat. If scanning was indiscernible for a portion of the recording, e.g. because the head was lost from sight due to the movement of the lemur, then we scaled scans in the time the head was visible to a rate per minute value. For example, if the head was only visible for 30 seconds of the 60 second recording, then the number of scans would be doubled to give a scan per minute value. We recorded gaze direction as a percentage of the time that this was clearly visible. For those recordings where gaze direction or scanning were not visible at all, e.g. because the focal individual fled immediately after presentation of the playback, then this was omitted from the analysis.
To compare the group means of scanning rates and gaze directions we used a permutation ANOVA, permuted 1000 times to account for the possibility of non-independent observations. Significant differences in the means were investigated using a Tukey's HSD post-hoc test to look for any differences between responses. To compare response movements and vocal responses we used a permuted Fishers Test, also permuted 1000 times. We recorded vocalisations as a binary response, with the most frequent response as one category and no response and other calls grouped into the other. Response movements were also recorded as a binary response, with the most common direction of movement in one category and no response and movement in the other direction grouped together.
RESULTS
Scanning rate (see Fig. 2)
There was no significant difference in scanning rates when comparing responses to predator calls, conspecific calls or heterospecific calls to the control for the Coquerel's Sifaka (permutation ANOVA, p > 0.05). Brown lemurs showed significant difference in scanning rates after conspecific calls, with the grunt calls eliciting significantly more scanning than the control or wail calls (permutation ANOVA, p < 0.001, Tukey's HSD). There was no significant difference in scanning rates for brown lemurs after predator or heterospecific calls compared to the control (permutation ANOVA, p > 0.05).
Gaze direction (see Fig. 3)
The Coquerel's sifaka did not show any significant difference in gaze direction after playbacks of predator calls (permutation ANOVA, p > 0.05) compared to the control. However, the Coquerel's sifaka did show significant differences in gaze direction in response to conspecific calls, with the roaring bark call eliciting significantly more gazing upwards than the control or the tchi-fak call (Permutation ANOVA, p = 0.023, Tukeys HSD). The Coquerel's sifaka also showed significant differences in gaze direction in response to heterospecific calls, with the wail call eliciting significantly more gazing upwards than the control, and the grunt call eliciting significantly more gazing downwards (permutation ANOVA, p = 0.008, Tukey's HSD). 
Brown lemurs showed significant differences in gaze direction in response to predator calls, with the harrier hawk call eliciting significantly more gazing upwards than either the fossa call or the control (permutation ANOVA, p = 0.027, Tukey's HSD). Brown lemurs also showed significant differences in gaze direction in response to conspecific calls, with the wail call eliciting significantly more gazing upwards than either the grunt call or the control (permutation ANOVA, p = 0.04, Tukey's HSD). Brown lemurs also showed significant differences in gaze direction in response to heterospecific calls, with the roaring bark call eliciting significantly more gazing upwards than either the grunt call or the control (permutation ANOVA, p = 0.019, Tukey's HSD). 
Movements
The Coquerel’s sifaka was significantly more likely to flee down after playback of harrier hawk calls than after playbacks of the control (permuted Fisher’s exact test, p = 0.002). There was no significant difference in response movements after playbacks of conspecific calls or heterospecific calls when compared to the control (permuted Fisher’s exact test, p > 0.05). The brown lemurs were significantly more likely to flee upwards after playbacks of the grunt call (permuted Fisher’s exact test, p < 0.001) than after playbacks of the control. There was no significant response movement in the brown lemurs after playbacks of the wail call, predator calls, or heterospecific calls when compared to the control (permuted Fisher’s exact test, p > 0.05).
Vocal Responses
For the Coquerel's sifaka, no predator calls elicited any vocalisation responses significantly more than the control (permuted Fisher’s exact test, p > 0.05). They responded to the tchi-fak playbacks with tchi-fak calls significantly more often than after the control (permuted Fisher’s exact test, p < 0.001). There were no significant vocal responses after playbacks of the roaring bark (permuted Fisher’s exact test, p > 0.05). The wail call elicited the roaring bark call significantly more than the control (permuted Fisher’s exact test, p < 0.001) and the grunt call elicited the tchi-fak call significantly more than the control (permuted Fisher's exact test, p<0.001). Brown lemurs were significantly more likely to grunt after playbacks of fossa calls compared to the control (permuted Fisher’s exact test, p =0.003). Brown lemurs did not give any significant vocalisations in response to harrier hawk calls, conspecific calls or heterospecific calls when compared to the control (permuted Fisher’s exact test, p > 0.05).
DISCUSSION
Evidence for referential alarm calls
Results suggest that for the Coquerel’s sifaka, the roaring bark is specific to aerial threat, as the roaring bark elicited significantly more looking up than the control. There was no evidence for referential function of the tchi-fak call; sifakas spent more time looking down after tchi-fak calls, and were more likely to flee upwards than after the control playbacks, but not significantly so. Although it was not observed it is not possible to rule out the possibility of this call being used in contexts other than alarm calling, as found by Fichtel and Kappeller (2011) and Fichtel and Van Schaik (2006).
Brown lemurs appear to possess a mixed alarm system, as found in redfronted lemurs and Verreaux’s sifakas (Fichtel and Kappeler 2002). The wail call elicited significantly more gazing upward than the control, suggesting that it is associated with aerial threat. The grunt call appears to reference terrestrial predators as well as being used in other contexts. Brown lemurs responded to grunts by fleeing upwards significantly more than after the control and grunts were also used significantly more in response to fossa playbacks than in response to the control. However, the grunt call was also heard in social interactions, and therefore cannot be considered functionally referential. Where the same calls are used in multiple contexts, there may still be some differentiation between uses. The grunt of brown lemurs may be a ‘graded continuum’ of intensity (Kershenbaum et al. 2014); in alarm contexts grunting was often more rapid. 
Although we investigated these calls in the context of antipredator defence, it is not possible to rule out other call functions. For example, in vervet monkeys referential alarm calls also act as a predator deterrent (Isbell and Bidner 2016). This may be the case in the lemurs we studied; in several natural encounters with raptors and snakes, both Coquerel's sifakas and brown lemurs did not flee, instead staring intensely at the predator while making alarm calls. It was also not possible to discount the possibility of an urgency-based component to the calls due to the high risk of habituation when playing calls repeatedly over a range of distances (Fichtel and Hammerschmidt 2003).
Evidence for heterospecific alarm call recognition
Results provide some evidence for recognition of brown lemur alarm calls by the Coquerel’s sifakas, but less evidence for recognition of Coquerel’s sifaka alarm calls by brown lemurs. In the Coquerel's sifaka the wail playback elicited significantly more time gazing upwards than the control, suggesting that it is associated with aerial threat. Wails were also responded to with roaring barks significantly more than after the control, suggesting these two calls may be associated with similar threats. Grunts elicited significantly more looking down than after playbacks of the control, suggesting it was associated with terrestrial threat. Sifakas also responded to grunt playbacks with tchi-fak calls, suggesting that the grunt and tchi-fak calls may be associated with similar threats. However, as the tchi-fak call did not show any clear evidence of being associated with a particular predator class it is hard to draw conclusions from this.
There is also some evidence for recognition of the Coquerel's sifaka calls by the brown lemurs. After the roaring bark playbacks, brown lemurs spent more time looking up than after the control, suggesting they associate these calls with aerial threat. However, the response to playbacks of the tchi-fak call was not significantly different to the control, so there is no evidence that this is associated with a predator class by brown lemurs.
The ability to use and understand referential vocalisations was once thought to be a distinguishing human trait. This study adds to the growing body of evidence that shows this is not the case. Furthermore, both Coquerel's sifakas and common brown lemurs both show evidence of being able to understand specificity in the calls of sympatric lemurs, and there is no reason to believe that they do not also understand more alarm calls of other species living in sympatry.
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Figure 1: Spectrograms of predator calls, the call of the hamadryas baboon and lemur calls. 

Figure 2: Scanning rates after playbacks of (a) predator calls, (b) conspecific calls and (c) heterospecific calls in scans per minute. The mean (±SE) is shown for each playback stimulus. Letters indicate significantly different means, permutation ANOVA followed by Tukey’s HSD, with post hoc significance levels 0.01 < p < 0.05 (*), and 0.001 < p < 0.01 (**).
Figure 3: Gaze directions after playbacks of (a) predator calls, (b) conspecific alarm calls, and (c) heterospecific alarm calls. The mean (± SE) is shown for each playback stimulus. Letters indicate significantly different means, permutation ANOVA followed by Tukey’s HSD, with post hoc significance levels 0.01 < p < 0.05 (*), and 0.001 < p < 0.01 (**).
