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Abstract
Background
The ability to navigate is crucial to the survival of many flying animals. Though relatively much less is known about the navigational abilities of bats versus birds, recent progress has been made in understanding the navigational abilities of cave roosting bats, but little is known about those of arboreal roosting flying-foxes, despite their extreme mobility.

Methods
We use extremely high spatiotemporal resolution GPS tracking to examine the flight behaviour of 11 grey-headed flying-foxes (Pteropus poliocephalus) displaced 16.8 km from their roost. We examined flight metrics of the resulting high-resolution traces to understand whether the displaced animals were aware their location with respect to the roost of capture. We use 7 grey-headed flying-foxes tracked from the roost of capture—as part of a separate, concurrent study—to aid in this comparison.

Results
Ten of 11 displaced individuals were detected at the roost of capture within four days of release, but all displaced individuals roosted for at least one night away from the roost of capture. Six individuals returned ‘home’ the next day, and four roosted away from ‘home’ for ≥ one further night. Prior to their return ‘home’, displaced individuals on average flew 2.7 times further and stopped 1.7 more times than reference individuals or displaced animals that had already returned ‘home’. This indicates that displaced individuals expended more effort each night than non-displaced individuals. This suggests that these individuals were attempting to return ‘home’, rather than choosing not to return due to a lack of motivation to home. Flight segments of displaced individuals were higher, less straight, and less likely to be oriented. Flight segments that ended in a point that an individual had previously visited were faster, higher, and straighter than those not known to end in a point previously visited.

Conclusions
Our findings suggest that approximately half of the displaced animals were aware of where they were with respect to ‘home’ the night after release, whereas other individuals took at least a further night to orient themselves. While our results are consistent with previous work suggesting that non-echolocating bats may use a large-scale navigational map based on vision, sensory manipulations would be needed to confirm this.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40462-025-00532-x.
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Background
Navigation is a critical component of animal survival, and aerial animals in particular are likely to have been under strong selection pressure for navigation ability [1]. Bats (with birds) are one of only two volant vertebrate groups, with many species exhibiting long distance flights during foraging [2–4], seasonal migration [5–7], and nomadic movements [8, 9]. The navigational ability of bats is relatively less well studied, due mainly to methodological constraints [10, 11], and remains one of the most poorly understood topics in animal behaviour [10, 12]. Despite this, in recent decades it has been shown that insectivorous microbats can use the geomagnetic field as a compass cue [13–16] and that some bats calibrate their magnetic compass using sunset cues [14, 17]. Bats are also able to detect stars [18], but celestial cues have not been shown to be used as a compass cue. Recent studies of the cave roosting Egyptian fruit bat (Rousettus aegyptiacus) demonstrated that these bats develop large scale navigational maps based on vision [4, 19], although it is unlikely that this type of navigational map could extend far beyond the areas visited by animals. It has been suggested that bats may use the geomagnetic field as a large-scale navigational map extending beyond areas visited [10], but as yet this has not been confirmed experimentally [13]. Thus, while advances in tracking technology have enabled progress in the field of bat navigation, more research is required [12, 20], and particularly on arboreal roosting bats that have access to a different set of navigational cues than cave roosting species.
Flying-foxes of the Pteropus genus are amongst the most mobile bat species in the world [8], and are likely to have evolved sophisticated spatial mapping systems because they occupy complex habitats [21], and because their foraging resources (pollen, nectar and fruit) are predictable, at least in the short term [22]. Animals with predictable food resources are selected to devote brain space to spatial tracking systems [22], shown to be associated with a larger olfactory bulb size [23], which is thought to have a navigational function [22]. Species of Pteropus play extremely important roles in terms of pollination and seed dispersal [24], yet are increasingly threatened, with 38 of the extant species of Pteropus in the IUCN threatened categories. The grey-headed flying-fox (Pteropus poliocephalus) is classified as ‘vulnerable’ under federal legislation [25] and by the IUCN [26]. Threats include habitat loss, extreme heat, and biological urbanisation [26]. In some cases, management of human-wildlife conflict caused by urbanisation has led to colony dispersals [27]. Despite a number of tracking studies on arboreal roosting flying-foxes [8, 9, 28–37], how flying-foxes navigate has never been investigated, and moreover, the sensory (magnetic, visual, olfactory) basis of flying-fox navigation remains unknown. Arboreal roosting flying-foxes have high mobility among roosts [8, 38], and many roosts are available to them, which further hampers navigational research due to the lack of a known goal location. The lack of knowledge on how this highly volant group of animals navigate is thus a key knowledge gap for animal navigation studies [10].
In the present study our aim was to record high resolution homing paths of grey-headed flying-foxes as they navigated back to the roost of capture following a short-distance displacement. We chose to conduct the experiment at a roost site in Adelaide, South Australia. This roost was chosen because it is located at the extreme westerly extent of the species’ range, and at the time of our experiments there were no other roosts within 500 km. This therefore provided a useful opportunity for conducting homing experiments in Pteropus spp., as it could reasonably be assumed that individuals would attempt to navigate back to the roost where they had been caught. We released 11 grey-headed flying-foxes from a site located 16.8 km from the roost of capture, and we predicted that they would return directly to the same roost. We examine their high resolution flight paths in terms of orientation [39] and other flight metrics. In addition, we opportunistically compare the movements of the displaced animals with ‘reference’ individuals (n = 7) that had been released and tracked from the roost for a concurrent separate study. We examined whether flight segments were oriented towards a goal [39], with the prediction that flight segments ending at a known goal were more likely to be oriented, and that non-displaced animals were more likely to perform oriented flights. We also performed exploratory analyses to determine whether any other aspect of flight patterns could be used to determine whether an individual was aware of where it was with respect to a known goal. We discuss the results in terms of flight patterns, potential navigation systems used, and future experimental design.

Methods
Species and Research Site
Grey-headed flying-foxes are among the largest Pteropus species weighing 600–1,100 g [40]. They are sexually dimorphic, and the mating system involves a single male and an unstable group of ≥ five females [41]. Maximum sexual activity occurs from mid-March to early April, and during this time males are observed to return early to the colony before dawn immergence [42]. Females give birth in October and young are weaned between February and April [43, 44].
Grey-headed flying-foxes were caught at the Botanic Park roost located in the city of Adelaide (location: 34.92° S, 138.61° E; altitude: 49 m above sea level) between 23rd—26th July 2018 (Supplementary Table 1). At this time, female flying-foxes are likely to be in early pregnancy, and will no longer have dependant pups. Flying-foxes were captured using mist nets during the dawn fly-in and were kept in an individual cloth bag until processing. Each flying-fox was sexed and forearm and body mass measurements were taken. Body condition was estimated on a scale of 1–5 (1 being significantly below, and 5 being significantly above, expected body condition), age was estimated based on molar wear [following; 42, 45]. We used only flying-foxes with a mass of more than 600 g (mean mass ± SD, 771.9 ± 99.6 g, range 626—973 g) to ensure that the mass of the trackers (24 g) represented less than 5% of the body mass of the tracked individuals. Flying-foxes were anaesthetised using the inhalation agent isoflurane [46] and fitted with telemetry devices (see below). After processing, flying-foxes were kept singly in pet carry cages (c. 1 m × 40 cm × 40 cm) until their release. Procedures were approved by the Western Sydney University Animal Care and Ethics Committee (A12217) and SA Scientific License (M26735).

Telemetry devices and attachment
Adult grey-headed flying-foxes were equipped with a lightweight GPS tracking device [Camazotz; 47]. The devices were enabled to download data wirelessly when within 500 m of a base station (located at the roost). When the devices were within radio range of another GPS tracking device, the identity of the tracker and the time it was detected was recorded [47]. The dimensions of the GPS tracker were 52 mm (length) × 23 mm (width) × 12 mm (height), with an overall mass of 24.0 g. The logger was glued to the back of anaesthetised flying-foxes following the methods in [48] and for the purposes of this study was potted in electrical heat shrink tubing. In short, a 2.3 cm × 5.2 cm patch of fur, directly above the animal’s centre of gravity, was trimmed to 2–3 mm length, and skin adhesive (Sauer-Hautkleber™) was applied to the patch of fur and allowed to dry for 5 min. The back of the logger was coated with 100% ethyl isocyanoacrylate glue and pressed onto the bed of tissue glue. The logger was then held in place for 10–15 min, until the ethyl isocyanoacrylate glue had dried [48]. GPS trackers for the displaced animals (n = 11) were programmed to log data at 1 s intervals, whereas the remaining trackers (n = 7; designed to last for a greater number of days) were programmed to record positional data at 1 s intervals, but to stop collecting data when animals were stationary (see below for study design).

Study design
18 grey-headed flying-foxes were captured and fitted with GPS trackers as part of two separate studies. 11 animals were subjected to a short distance displacement (see ‘release’ below). As part of a separate study, conducted contemporaneously, seven grey-headed flying-foxes were captured and in addition to the fitting of GPS trackers, were surgically implanted with Temperature-sensitive VHF FM radio transmitters (model PD-2TH, 3.4 g; Holohil, Ontario, Canada). These transmitted core body temperature only when within range of the recorders located at the roost [49, 50], and therefore body temperature of these animals is not considered in this study [but see; 49, 50]. Males were targeted for the temperature study because for ethical reasons we did not want to operate on female flying-foxes that are likely to be in early pregnancy in July [41]. Due to a limited number of animals caught during the field work, this meant that majority of displaced animals (10/11) were female. For analytical purposes (see ‘Flight metrics (all animals)’ below) we divided the movement paths of the displaced animals into flights before and after the animals had returned to the roost of capture. We refer to these as ‘homing’ flights, and ‘non-homing’ flights, respectively. Flights after the displaced animals have reached the roost of capture are considered ‘non-homing’ as we know that the animal has reached a place that it has been before. Fewer ‘non-homing’ than ‘homing’ flights were recorded for displaced animals as the GPS trackers tended to run out of batteries within c. 2 days. We therefore used the flight paths of the male animals released at the roost of capture as additional ‘non-homing’ flights and refer to these animals as ‘reference’ animals. Despite the sex ratio imbalance between the ‘homing’ and ‘non-homing’ flights, the study was performed at a time when body condition is likely to be increasing for both sexes, and neither sex are subject to an increase in energy expenditure (e.g. neither lactation for females or the breeding season for males) [42], thus no significant variation in foraging strategy would be expected. In addition, previous work on a different flying-fox species suggests that body mass rather than sex impacts foraging movements [51], and in the current study the mean weight of the males and females only differed by 20 g (males: mean = 784 g ± 114 SD; female: 762 g ± 92; Supplementary Table 1), thus despite the sex imbalance, the comparison between the ‘homing’ and ‘non-homing’ flights provides a useful addition to this study.

Release
Displaced individuals were released at the same location 16.8 km from the roost (34.83° S, 138.76° E; altitude, 361 m above sea level). Flying-foxes are known to make nightly foraging trips of up to 80 km [29, 52], though the mean foraging distance from a colony is ≤ 13 km [38]. The high-resolution GPS loggers that we had available [Camazotz; 47] involved download to a base station, and had a limited battery life of c. two days at a sampling rate of 1 Hz. We therefore chose a release site that balanced a navigation challenge with the need for animals to successfully return to the colony within c. 2 days in order to obtain data. We chose an accessible release site 16.8 km from the roost of capture located in an area that animals previously tracked from the Adelaide roost [37] had not visited. Before release, all animals were given fruit juice as this has previously been shown to facilitate an animal’s direct return to their roost [4]. In addition, all animals were released relatively late in the night, and we therefore predicted that all animals would return directly to the roost of capture. Animals were released from 04:00 to 05:15 on the morning after capture (24th–27th July), 3.25–2.00 h before sunrise. A maximum of 6 individuals were released on a single night (see Supplementary Table 1). To mitigate the unlikely possibility that individuals would navigate back to the roost as a group, flying-foxes were released at intervals of at least 15 min. Translocation was done by car, driving the flying-foxes a total ground distance of 21 km to get to the release site. During transport, flying-foxes were held inside pet carry cages, and the inside of the car was kept at ambient temperature. The reference animals (n = 7 males) were released at the roost during daylight hours the day after capture, where they reintegrated into the roost before the dusk emergence. They were transported to the roost on foot from Adelaide Zoo inside pet carry cages.

Data Handling and Analysis
Tracking data were pre-processed following the pipeline described in Gupte et al. [53]. Unreliable positions were removed using speed as a filter: positions associated with ground speeds > than the 99th percentile for each individual were removed. These values ranged from 12.6–17.4 m/s, which is greater than the estimated flight speed of grey-headed flying-foxes (8.6 m/s [54], 11.2 m/s [55]) and approaches the maximum recorded ground speed for grey-headed flying-foxes (17.5 m/s [9]), so it is unlikely that any true positions were filtered out. Next, small-scale location errors were reduced by applying a median smoothing with a moving window (K) of 5 s [53]. Finally, residence time within a 50 m radius was calculated [53], and this was used to identify areas where the animals stopped flying for more than 10 min [following 4]. We used the locations of these ‘stops’ to divide all nightly flights into flight segments and used these flight segments as units for analysis (see below). For each of the 11 displaced animals we determined ‘homing time’ based on the time of release and the time that a GPS location occurred within 500 m of the roost location. For animals for which a full movement path from the release site to the roost was not available, we searched each tracker’s ‘radio contact log’ to identify the first time at which any tracker was detected at the roost (see Supplementary Table 1). All pre-processing and analysis was done using the R software program [56] interfaced with RStudio [57].
Orientation
We were interested in examining whether individuals were oriented towards their goal, i.e. whether flight paths are more suitably represented as correlated random walks (CRW; random search path) or as biased correlated random walks (BCRW; oriented path) [39]. This is complicated when goal locations vary between individuals, when flight paths are short, and when individuals change movement strategies within a movement path [39], i.e. shift between random search vs. oriented movement. We therefore used the procedure described in [58] to identify the point in a flight path that an animal became oriented towards a goal. This procedure involves starting from the end point of a segment (at the ‘goal’ location) and moving backwards along the path, measuring the backward beeline for any given point (the straight-line distance between the ‘goal’ and the given point). If the animal is actively orienting towards the ‘goal’ location, then the backwards beeline distance should be proportional to the backward pathlength distance (i.e. the distance actually travelled); whereas, if the animal reached the goal location by chance, the backwards beeline distance should be proportional to the square root of the backwards pathlength [39, see also Figs. 2 & 3 in 58]. Each flight segment was standardized to a step length of 100 m [59] using the R function TrajRedescretize [60]. The backwards beeline was plotted against the backwards path length, and the point in the movement path that the individual became oriented towards the ‘goal’ was identified by selecting the point at which the coefficient of determination (R2) between the backwards path length and backwards beeline distance dipped and remained below 0.99. In other studies, this point has been selected by eye, but we aimed to reduce any potential bias and an R2 of 0.99 captured straight paths as oriented but also allowed small deviations from a straight line (see Supplementary Fig. 1). The proportion of each flight segment that was oriented was calculated, and the absolute length of the oriented portion was calculated. Any flight segments shorter than 1 km or that did not have a known start or end location (e.g., due to data points missed due to a lack of GPS signal) were not analysed.

Flight metrics (all animals)
For every individual, for each night that complete data were available, we calculated the distance travelled, and the number of stops that lasted longer than 10 min. Nights were classified as ‘homing’ if individuals had been displaced from the roost and had not yet returned. Nights were classified as ‘non-homing’ if the individual had either been released at the roost (reference animals) or had roosted at the roost of capture the previous day (displaced animals). To examine whether there was a difference in the distance travelled, or the number of stops (longer than 10 min) we used mixed effects models with ‘homing’ and ‘non-homing’ nights as an explanatory variable, and animal identity as a random effect. Distance travelled was modelled with a linear mixed effects model, and number of stops with a generalised linear mixed effects model (Poisson family).
Next, for each flight segment for each individual, we calculated the mean ground speed, the mean height above ground, the straightness index, the percentage of the flight segment that was oriented, and the length of the flight segment. We then compared these metrics for ‘homing’ and ‘non-homing’ flight segments using mixed effects models with animal identity as a random effect. As described above flight segments were classified as ‘homing’ for displaced animals that had not yet returned to the roost, and as ‘non-homing’ for reference animals, and for displaced animals that had already returned to the roost of capture. We then determined whether or not the end point of each flight segment was a location that an individual had previously visited. It is important to note that other flight segments may also have ended at a point that the flying-fox had previously visited while they were not being tracked. We then repeated the above analyses, this time comparing metrics for flight segments that ended at a point that the animal was known to have visited before vs flight segments that did not. Speed, height above ground, and length were modelled with linear mixed effects models. Straightness index was modelled using the R package TMBglmm with a beta family, and orientation was modelled using a binomial generalised linear effects model where ‘oriented’ was defined as a flight segment ≥ 99% oriented. Explanatory variables were considered significant if the model containing the variable of interest was < 2 AICc from that of the null model, and if the p-value of the variable of interest was < 0.05. We used linear mixed effects models to examine the relationship between flight speed and height and height and straightness across all flight segments, while accounting for the length of each flight path. To account for repeated measures, ‘individual’ was included as a random factor. We used windspeed data (obtained from the Bureau of Meteorology (BoM) Kent Town weather station (−34.9° S, 138.6° E; located 1.91 km from the Adelaide roost and 16.6 km from the release site)) to examine whether windspeed may have affected ground speed. Mean windspeed ranged from 2.1 to 11.0 km/h, and maximum wind gust speed varied from 2.9 to 14.4 km/h across the six nights when movement paths were recorded. These maximum wind gust speeds are designated as ‘force 2’ (‘light breeze’) and ‘force 3’ (‘gentle breeze’), respectively, on the Beaufort Scale [61] and as such are unlikely to have affected the flying-foxes’ flight paths; therefore, windspeed was not included in the models.



Results
Tracking data
Displaced animals (n = 11): Useful tracking data were obtained from 8 trackers, for a mean of 43.0 h (range 27.1–61.0 h, Supplementary Table 1). Of the remaining three trackers, one only logged positional information for 40 min, one did not log any data but was detected by another tracker at the roost, and the final tracker was last detected close to the release site.
Reference animals (n = 7): Tracking data were obtained from 5 trackers for a mean of 83.5 h (range 36.7–143.2 h, Supplementary Table 1), though data from tracker #506R contained many missing points and could not be analysed. No data were obtained from the remaining two trackers (though individuals were confirmed to be present at the roost), and we assume they were faulty.

Homing times
Ten out of the 11 (91%) displaced flying-foxes were detected at the capture location within 4 days. Six of these returned to the roost within 25 h of release (mean = 21.27 ± 1.64 SE hrs; range 16.08–24.83 h), including one flying-fox (#981D) for which tracking data were not obtained, but which was detected at the roost by another GPS logger (Supplementary Table 1). Two displaced flying-foxes were detected at the roost two days after release (493D & 943D); one three days after release (913D); and one four days after release (942D). The final displaced flying-fox (517D) was not detected within 7 days of release, it may have returned to the roost after this time, or the tracker may have fallen off prematurely, but this could not be confirmed. Of the eight tracked, displaced, individuals, full homing paths were obtained from five individuals. The remaining three displaced individuals did not return to the roost before the voltage of their GPS loggers became too low to log data; these animals were tracked for a mean of 42.48 ± 13.03 SE hours (range 37.51–47.98 h), and all three roosted at a second (different) location away from the roost of capture (Fig. 1; Supplementary Fig. 2; Supplementary Table 2). Despite no longer logging positional locations, these trackers were able to communicate with the base station at the roost, and thus the GPS position data already collected could still be obtained [47].[image: ]
Fig. 1A The movement tracks of eight flying-foxes released at a site 16.8 km from the roost of capture. B The movement paths of five flying-foxes released at the roost of capture. Tracker identity is shown at the top of each plot. The Botanic Park roost and the release site (where appropriate) are marked. If the animals roosted away from the roost of capture these roost locations are shown as roost site 1 and 2 (no animal was recorded roosting away from the roost more than twice). Note the release site is sometimes obscured by roost site 1


At the time of the experiments, flying-foxes returned to the Adelaide Botanic Park roost between 05:06 am and 07:14 am (fly-in detected using BoM radar data, following [62]; Supplementary Fig. 3); thus, the focal animals used for the homing experiment had 2–3.25 h available to fly the straight-line distance of 16.8 km back to the roost before fly-in ended. However, all displaced animals for which useful tracking data were obtained (n = 8) roosted near the site of release (range: 58–1,912 m from the release site; Fig. 1; Supplementary Fig. 2; Supplementary Table 2) during the day following release. All of these animals departed from their individual day-time roost site between 17:41 and 18:54 (local time) on the evening of the day of release, broadly coinciding with the fly-out at the Adelaide Botanic Park roost detected using BoM radar data (c. 18:12—18:48; Supplementary Fig. 3 A-C).

Orientation
When the movement paths were tested for orientation, we found that of the five individuals for which full homing paths were obtained (#439D, #474D, #765D, #785D, #976D) four were significantly oriented for the majority of their homeward flight (71–100% oriented; Supplementary Fig. 1; see ‘orientation’ in methods) with all non-oriented segments occurring in the early portion of their homing path (#439D, #474D, #785D and #976D; Fig. 2). The final flying-fox for which a complete movement path was obtained was not oriented at the beginning and the middle of its movement path (#765D; Fig. 2), and was only oriented for the remaining 48% of its journey.[image: ]
Fig. 2Plots showing whether the movement paths of each individual grey-headed flying-fox are oriented (red) or not oriented (black). The location of the Botanic Garden colony and release location are indicated where appropriate. Tracks are broken up into segments based on where the animals stopped for more than 10 min, black dots mark the beginning of each flight segment. Tracker identity is shown at the top of each plot, subscript D indicates displaced individuals, R indicates reference individuals. Movement paths shorter than 1 km, and movement paths without a known starting or end point were not analysed


For four of the displaced flying-foxes for which full homing paths were obtained (#439D, #785D, #976D, #765D) further flights were recorded after they returned to the roost. Three of these (#439D, #785D, #976D) were 100% oriented, whereas #765D landed at the Adelaide roost and then flew a short, tortuous path around the roost. Of the three displaced flying-foxes that spent two or more nights away from the roost (#493D, #913D, #943D), one remained very close to the release site, and was oriented for 33% of the flight path that was long enough to be analysed (#493D; Fig. 2); the remaining two displaced flying-foxes (#913D, #943D; Fig. 2) were unoriented in the middle of their recorded journeys and on average were oriented for 49% and 73% of their movement paths.
Of the reference flying-foxes for which paths could be analysed (#318R, #939R, #947R, #1006R), the majority of movement paths were oriented (68–97%), though each animal exhibited movement paths that were less than 60% oriented. Of these ‘unoriented’ movement paths the two by #318R led from a roost site (away from the roost of capture) to two foraging sites; the one by #939R seemed to involve circling at the roost before flying to a foraging location, the one by #947R was a path from a foraging site to a roost site away from the roost of capture; and the one by #1006R was between two foraging sites.

Flight metrics
The distance travelled and the number of stops greater than 10 min were calculated for each individual, for each night that complete flight paths were obtained. This resulted in 20 nights of data across 11 individuals. Nights were separated into ‘homing’ nights; which consisted of those of displaced animals that had not yet returned to the roost of capture (n = 10; male = 2, female = 8) and ‘non-homing’ nights which consisted of those of reference animals, and of displaced animals that had returned to the roost of capture the previous night (n = 10; male = 9, female = 1). We found that complete flight paths were significantly longer on ‘homing’ than ‘non-homing’ nights (Fig. 3A, ‘homing’: mean = 30,734 m ± 3,514 SE; ‘non-homing’: mean = 11,578 m ± 1,722 SE; Estimate = −14,167.7, F = 9.6, p = 0.006). When we examined the number of stops in a night, we found that there were significantly more stops on ‘homing’ than ‘non-homing’ nights (Fig. 3B, ‘homing’: mean = 5.1 ± 0.6 SE; ‘non-homing’: mean = 3.0 ± 0.6 SE; Estimate = −0.53, F = 5.3, p = 0.02).[image: ]
Fig. 3Box plots showing the distribution of values A total distance flown in a night, and B number of stops longer than 10 min in a night for ‘homing nights’ (n = 10) and ‘non-homing nights’ (n = 10). Only nights for which complete data was available were used. Nights were classified as ‘homing’ for displaced animals that had not yet reached the roost of capture and ‘non-homing’ if the individual had either been released at the roost (reference animals) or had roosted at the roost of capture the previous day (displaced animals)


Flight metrics were calculated for 94 flight segments across all animals. We found that ‘homing’ flight segments (defined as those of displaced animals that had not yet returned to the roost of capture; n = 50; male = 9; female = 41) were significantly less likely to be oriented (mean = 69% ± 5 SE vs. 89% ± 4 SE, Estimate = −1.29, F = 5.08, p < 0.026; Fig. 4), were higher (mean = 35.7 ± 2.96 SE vs. 20.8 ± 2.25 SE, Estimate = 15.16, F = 14.5, p = 0.001; Fig. 4), and longer (mean = 6068.6 ± 695.9 SE vs. 3767.1 ± 370.9 SE, Estimate = 2257.9, F = 6.19, p = 0.021; Fig. 4), than ‘non-homing’ flight segments (defined as those of reference animals or displaced animals that had already returned to the roost of capture; n = 44; male = 32; female = 12), but there was no significant difference in ground speed (mean = 9.00 ± 0.20 SE vs. 8.46 ± 0.17 SE, ΔAIC < 2; Fig. 4), or straightness (mean = 0.61 ± 0.04 SE vs. 0.73 ± 0.03 SE, ΔAIC < 2; Fig. 4).[image: ]
Fig. 4Box plots showing the distribution of values for five flight metrics calculated for homing, and non-homing flight segments, means are shown as red dots. Flight segments were classified as ‘homing’ for displaced animals that had not yet reached the roost of capture and ‘non-homing’ if the individual had either been released at the roost (reference animals) or had roosted at the roost of capture the previous day (displaced animals)


When we compared flight segments that were known to end in a location the animal had visited previously (n = 23; male = 12; female = 11) to those that did not (n = 71; male = 29; female = 42), we found that the former were significantly more likely to be oriented (mean = 8.95 ± 0.20 SE vs. 8.47 ± 0.17 SE, Estimate = 1.6, F = 5.46, p = 0.018; Fig. 5), were faster (mean = 9.45 ± 0.29 SE vs. 8.52 ± 0.15 SE, Estimate = 1.07, F = 12.35, p < 0.001; Fig. 5), straighter (mean = 0.80 ± 0.04 SE vs. 0.62 ± 0.03 SE, Estimate = 0.73, z = 2.967, p = 0.003; Fig. 5), and higher (mean = 33.2 ± 4.91 SE vs. 27.4 ± 2.17 SE, Estimate = 9.52, F = 4.00, p = 0.048; Fig. 5), but there was no significant difference in length between flight segments that did and did not end at a point that the individual was known to have visited previously (mean = 5,506 m ± 692 SE vs. 4,857 ± 508 SE, Estimate = 1133.48, F = 1.31, p = 0.254; Fig. 5).[image: ]
Fig. 5Box plots showing the distribution of values for five flight metrics calculated for flight segments ending at points the individual was known to have previously visited (known, n = 23), or not known to have previously visited (unknown, n = 71)


Across all flight segments speed was significantly positively correlated with flight height above ground (Estimate = 0.05, t = 10.10, p < 0.001; Supplementary Table 3; Supplementary Fig. 5 A), and height above ground was significantly positively correlated with straightness index (Estimate = 26.10, t = 3.639, p < 0.001; Supplementary Table 3; Supplementary Fig. 5 B).


Discussion
We found that 10 of 11 grey-headed flying-foxes that had been displaced by16.8 km returned to the roost of capture within four days. The observed return rate is similar to that of two other studies where un-manipulated microbats were released at similar distances (< 20 km), with a similar methodology [15, 63], and these rates are generally much higher than those of earlier studies where return rates were determined by sighting individuals at the roost of capture [see 64 for a review]. We separated flight paths of displaced animals into pre- and post- return to the roost of capture and labelled them as ‘homing’ and ‘non-homing’ we also examined the non-homing flights of seven ‘reference’ flying-foxes released at the roost of capture. We found that the distance flown on ‘homing’ nights was almost three times longer than the distance flown on ‘non-homing’ nights. When we examined flight metrics of ‘homing’ vs ‘non-homing’ flight segments, we found that ‘homing’ flight segments were significantly higher, longer, and less likely to be oriented than ‘non-homing’ flight segments. In addition, flight segments that ended in a location that the animal was known to have visited before were significantly higher, faster, straighter, and more likely to be oriented than segments that ended in a location that the animal was not known to have visited previously. Overall, the findings are consistent with the idea that flying-foxes may use a large-scale navigational map based on vision, but further studies involving sensory manipulation would be required to confirm this.
None of the displaced animals returned directly to the roost of capture after release, which was contrary to our expectations; all animals were given fruit juice before release and provision of food has previously been shown to facilitate an animal’s direct return to the roost [4], in addition all animals were released relatively late in the night to increase their motivation to return ‘home’ rather than to forage. It is possible, though, that the animals were released too late in the night and may have homed directly if released earlier. Most animals were released c. 5:00 am and according to BoM radar data [62] (Supplementary Fig. 3) flying-foxes began to return to the roost around this time, and fly-in ended at c. 7:14 am. This left a maximum of 2 h for the flying-foxes to return to the roost of capture. We know that roosting alone is common in similar species [65–71], and has anecdotally been observed many times previously in the grey-headed flying-fox [72, 73], which suggests that the costs of roosting alone are likely to be minimal. Indeed, two of the tracked flying-foxes that were released at the roost (n = 7) also roosted away from the roost for two nights, (Supplementary Table 2; Fig. 1; Supplementary Fig. 2). Thus, roosting away from the roost of capture may not be indicative of being ‘lost’.
When we examined the distance flown between ‘homing’ and ‘non-homing’ nights however, we found that displaced individuals that had not yet returned to the roost of capture on average flew almost three times farther than reference animals, or displaced animals that had returned to the colony the previous day. It is important to note however, that there is a highly skewed sex ratio between the ‘homing’ and ‘non-homing’ nights. This is because the reference individuals were part of a separate study targeting male flying-foxes. This resulted in most ‘homing’ nights (8/10) being performed by females, and the majority of ‘non-homing’ nights being performed by males (9/10). Our previous work [38] suggests that female grey-headed flying-foxes fly further when foraging than males. However, the magnitude of the difference in distance flown between ‘homing’ and ‘non-homing’ nights is much greater than that of females vs males in our previous study (i.e. homing flights are a mean of 2.65 times longer in this study, vs a mean of 1.35 times longer in major urban areas in our previous study [38]). In addition, the male ‘homing’ paths were longer than any male ‘non-homing’ paths, and the female ‘non-homing’ path is shorter than any of the female ‘homing’ paths. Also, importantly, the two displaced animals that roosted away from the roost of capture for an additional night (493D & 943D) flew similarly long distances on their second ‘displaced night’ as did the displaced animals that returned to the roost. This suggests that these individuals were attempting to return to the roost of capture, rather than choosing to roost in a new location. It is difficult, however, to disentangle whether these animals may have had to fly greater distances because they were attempting to find food resources in an unknown area, or whether they were attempting to locate the roost of capture. In future studies this uncertainty could be reduced by increasing an individuals’ motivation to home.
Motivation to home is an important factor in homing studies, for example, it has been shown that homing pigeons, the model species for which a large amount of bird navigation research is based, have been selectively bred for an increased homing drive, rather than an increase in homing ability [74]. A high motivation to home means that the results of homing experiments are easier to interpret, as a lack of return is likely to reflect an inability to return to the goal rather than a reduced motivation to do so. There are times of the year where the motivation to home could be increased for social species such as the grey-headed flying-fox, for example, from March-mid April when sexual activity is highest [42] large adult males are likely to hold mating territories containing a harem [41], and therefore would likely be more motivated to return to the roost to protect their reproductive interests [75]. Similarly, in January and February most females have left dependant young in the roost [76] and therefore would likely be highly motivated to return, but any displacement experiment capitalizing on this would have major ethical implications.
Tracking data show that individual grey-headed flying-foxes traverse vast distances throughout their extensive species range (from Rockhampton in Queensland to Adelaide in South Australia [76, 77]) on an annual basis [8], visiting an average of 18 different roost sites per year among a network of several hundred known roosts [8, 38, 78]. This extreme mobility suggests that these animals are likely to have sophisticated navigation abilities; however, it is possible that different navigation systems are used when navigating over vast continental-scale distances versus the relatively short distances used in this study. For example, large scale maps, such as magnetic [12] or olfactory [20] maps as have been suggested for bat navigation, might be too coarse to be useful over a short distance. Recent GPS tracking of Egyptian fruit bats shows that these animals can perform large-scale map based navigation by relying on visual features [19]. Unlike a map based on the geomagnetic field or olfaction, a map based on visual features is in theory only useful if these visual features are familiar. Grey-headed flying-foxes are known to forage at sites up to 75 km from their day roost [29, 52, 79], so it is therefore possible that the release site would have been close to an area with which an animal has had direct sensory contact [80] for most individuals used in this study. This suggests that the individuals in this study could have used familiar landmarks to orient themselves with respect to the home goal, although any familiar visual landmarks may not have been apparent to the animals straight away upon release. It is possible that the lights of the city of Adelaide, or the skyglow emanating from these lights from beyond the horizon, may have acted as a familiar or attractive visual feature that could have been detected from a distance [81], potentially even from, or close to, the release site, once the animals were airborne. It has been shown that skyglow is attractive to migratory birds [82], and it has been suggested that city lights may be important for bat homing [4].
When metrics of individual flight segments were examined, we found that ‘homing’ flight segments were less likely to be oriented but were higher and longer than ‘non-homing’ flight segments (those of reference individuals or displaced individuals that had already returned to the roost of capture), suggesting that when individuals were unaware of where they were relative to their goal they may have flown higher, possibly in an attempt to gain line of sight of distant landmarks to orient themselves. In contrast, when flight segments that ended at a point that individuals were known to have visited previously were compared to flight segments that did not end at a point they were previously known to have visited, flight segments were more likely to be oriented and were faster and straighter, but were also higher, suggesting that when individuals were aware of where they were relative to their goal, they sought to reach their goal using the fastest, most direct route possible [e.g. 4]. We also found a significant positive correlation between flight height and speed (Supplementary Fig. 5A), with lower flights being slower, so it is possible that when an individual is oriented towards a goal it flies higher and faster, but when it is e.g. trying to identify new food sources it might fly lower and at slower speeds. This ties in with the significant correlation we found between flight height, and straightness index, where lower flights were associated with lower straightness indexes (Supplementary Fig. 5B).
In this study we found some tracks that appeared to follow linear features for short distances in four tracked individuals (Supplementary Fig. 4). Linear features have been shown to provide visual information that can influence dispersal and navigation of aerial animals [83–87]. Pigeons that are highly familiar with a homing route have been shown to selectively follow linear features that are oriented in the home direction [88]; but linear features have also been shown to be important for animals less familiar with the landscape [e.g. 83, 89]. A recent study of grey-headed flying-foxes roosting at the same site, the Adelaide Botanic Park roost, identified instances of individual’s flight paths aligning with roads and rivers [37]. It has been suggested that linear feature following may reduce the number of waypoints (landmarks) that an individual needs to remember, and therefore reduces cognitive load [88]. It is possible that when an animal is unfamiliar with an area, linear feature following may aid navigation by allowing animals to explore the landscape while providing a cognitively simple way to return to their starting point. In our study, a prominent linear feature, the River Torrens, used by an individual in Boardman et al. [37], approximately aligns with the homeward direction from the release site (see Fig. 1; Figure S1 [37]). While this river does not seem to have had a major influence on the subjects in our present study, the final, oriented, paths of #785D and #976D aligned broadly with the river—though they do not follow the twists and turns of the river, it is likely that the animals would have been able to see the river whilst flying.

Conclusion
We showed that arboreally roosting flying-foxes displaced to a site 16.8 km from the roost of capture were able to return to the roost of capture 1–4 days following release. All animals roosted away from the colony for at least one night, and some for multiple nights. While it seems that roosting alone is a relatively frequent occurrence, the fact that displaced animals flew on average almost three times further in a night than individuals that were not displaced suggests that these animals were attempting to return to the roost of capture. The possibility of low motivation to ‘home’ makes it difficult for the results of this study to be interpreted. Future studies should address this issue, and crucially should include sensory manipulations such as influencing flying-foxes’ access to potential compass cues such as celestial cues via release under cloudy versus clear nights [90], or magnetic cues via release with and without on-board magnets [87, 91], or examining the influence of lighting on movement, in order to further improve our understanding of bat navigation.
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