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ABSTRACT
Human activities can have complex effects on the antipredator behaviour of wildlife, and an understanding of the intricacies can provide important information for conservation management. In some cases, ‘human shields’ that attract wild ungulates may form around human settlements due to a lower density of large predators. However, human presence may also be associated with increased exposure to a range of anthropogenic threats, such as poaching, predation by dogs, and costly interactions with livestock and their herders. Here we compare the antipredator behaviour of two savannah antelopes, topi (Damaliscus lunatus) and Thomson’s gazelle (Eudorcas thomsonii), between the relatively undisturbed areas in the interior of the Maasai Mara National Reserve (Kenya) and the peripheral areas next to human settlements by the reserve boundary. We found that both antelope species were less vigilant in the more human-impacted peripheral areas, suggesting a reduction in the overall predation risk. However, both species also responded more strongly to conspecific (but not heterospecific) alarm calls in the human-impacted areas. We suggest that alarm calls in the human-impacted areas may be elicited by a more variable and unpredictable set of threats, many of which are anthropogenic, and that these require more careful assessment by the antelopes. Human presence can thus have opposite effects on different aspects of antipredator behaviour, emphasising the need to better understand how animals perceive threats in their environment and the consequences for population performance.
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INTRODUCTION
Wildlife is increasingly coming into contact with human activities due to global population growth and encroachment into natural habitats (Ceballos & Ehrlich 2002; Nyhus 2016; Margulies & Karanth 2018). Human activities may not only cause direct mortality of wildlife, but also induce severe disturbance that can lead to costly behavioural changes in affected species (Stabach et al. 2016; Greenberg & Holekamp 2017; Paton et al. 2017; Benitez-Lopez 2018; Gaynor et al. 2018). Antipredator behaviours of wildlife, such as vigilance and alarm communication, are selected to be adaptive in natural environments (Caro 2005), however, anthropogenic disturbance can create novel conditions where animal responses are inadequate, either due to lack of behavioural flexibility or due to changes in the trade-offs with other crucial behaviours relating to survival and reproduction. This has the potential to compromise population performance (Bro-Jørgensen et al. 2019), and we therefore need a better understanding of the context-dependence of antipredator behaviours.
In large mammals, hunting and other forms of persecution by humans can instil strong fear, which is known to increase the time spent in antipredator behaviours (e.g. vigilance: Ciuti et al. 2012a, 2012b; Crosmary et al. 2012; Schuttler et al. 2017). As a consequence, time spent in restorative behaviours, such as foraging and resting, may be reduced with negative fitness consequences. By contrast, urbanization and nature-based tourism are often associated with a relaxation of antipredator behaviours (Lowry et al. 2013; Hansen & Aanes 2015; Uchida et al. 2019; Wevers et al. 2020; Berger et al. 2020). This can frequently be explained by the eradication or deterrence of large carnivores from human-dominated landscapes, a phenomenon described as the ‘shielding effect’ (Berger 2007; Atickem et al. 2014; Sarmento et al. 2016; Berger et al. 2020). Conservationists have, however, voiced concerns over the possibility that such ‘human shields’ might interfere with the ability of prey species to correctly discriminate and assess cues to predation risk (Geffroy et al. 2015; Carthey & Blumstein 2018). Overall, because human expansion into natural habitats thus can lead to multiple types of human-wildlife interactions (e.g. both hunting and tourism), complex behavioural changes may be induced. In this study, we investigate how expanding human presence in an East African savannah system affects the antipredator behaviour of African ungulates, focusing on vigilance behaviour and alarm call communication. 
Ungulate populations in agricultural or urban contexts have been found to be significantly less vigilant than those inhabiting more pristine wilderness (e.g. Shannon et al. 2014; Saltz et al. 2019). This can be explained by wild ungulates perceiving settlements and other anthropogenic infrastructures as safe refuges because their natural predators avoid areas associated with humans due to a long history of persecution (Wilmers et al. 2013; Gehr et al. 2017). Whereas reduced vigilance may be adaptive due to lower predation risk, some evidence exists that ‘shielding’ effects can also diminish ungulate sensitivity to predator cues: mountain goats (Oreamnos americanus), for example, are less prone to flee from grizzly bear (Ursus arctos) models at tourist sites, from which the bears have been actively deterred (Sarmento & Berger 2017). However, other studies have found the opposite pattern: Gunther's dik-diks (Madoqua guentheri) reacted more strongly (by nose-twitching) to playback of side-striped jackal (Canis adustus) calls in proximity to human settlements, the explanation for which remains unclear (Coleman et al. 2008). The results of research into the human impact on ungulate responses to direct predator cues are thus equivocal.
Likewise, we know little about the impact of human proximity on ungulate antipredator communication using alarm calls. Ungulates emit alarm calls primarily to signal detection to stalking predators (Caro 2005). Thereby they prevent the predator from attacking because these predators need to remain undetected to enter within the critical striking radius (Caro 1994; Bro-Jørgensen & Pangle 2010). In social species, alarm calls have the additional effect of alerting group members to potential danger. Such information transfer also occurs in mixed-species herds, where individuals often rely on the alarm calls from heterospecifics to locate approaching predators (Schmitt et al. 2016; Palmer & Gross 2018; Meise et al. 2018, 2020; Makin et al. 2019). Playback experiments have revealed that the strength of responses to con- and heterospecific alarm calls generally reflects the severity of the associated threat from the perspective of the receiver (Meise et al. 2018). To what extent the responses to alarm calls are adjusted to local variation in predation is however less clear.
The Maasai Mara National Reserve in Kenya (henceforth MMNR) presents a well-suited setting for testing the effect of human shields on ungulate antipredator behaviour. The last decades have witnessed sprawling growth around urban centres situated along the north-eastern and eastern boundaries of the MMNR, and livestock herding by the local Maasai tribe is prevalent inside the reserve (Butt 2014; Green et al. 2019a). The Maasai pastoralists do not usually hunt wild ungulates (Ceppi & Nielsen 2014; Kiffner et al. 2015), but they regularly persecute large carnivores (Mukeka et al. 2019; Broekhuis et al. 2020). This has led to reduced densities of some predator species in peripheral areas of the reserve next to village land (Ogutu et al. 2005; Green et al. 2018). By contrast, the reserve interior is more or less inaccessible to herders and thus relatively unaffected by human-predator conflict (https://www.marapredatorconservation.org; Farr et al. 2019).
Here we test a set of alternative hypotheses on ungulate antipredator responses by comparing vigilance and alarm call responses of two open plains antelopes, the topi (Damaliscus lunatus) and the Thomson’s gazelle (Eudorcas thomsonii) between human-impacted and more undisturbed areas of the MMNR. We predicted that, if the antelopes benefitted from lower predation risk from their natural predators within human shields, vigilance levels would be lower in the human-impacted areas than in the undisturbed areas. By contrast, if human-impacted areas were associated with increased predation risk due to humans, we predicted the opposite pattern. Moreover, if a shielding effect meant that alarm calls required less attention because they were less likely to indicate natural predators, we predicted weaker responses in human-impacted areas compared to undisturbed areas. Conversely, if anthropogenic threats were perceived as more ambiguous or more severe than threats from natural predators, we predicted that they would require more thorough assessment and that responses therefore would by stronger in human-impacted areas than in undisturbed areas. We tested predictions separately for con- and heterospecific alarms.

METHODS
Study system
The Masai Mara National Reserve is an unfenced protected area covering 1,510 km2 of grassland, interspersed with patches of thickets and riparian forests in south-western Kenya (Fig. 1). The area is characterized by bimodal rainfall patterns, peaking in November-December and March-May. The unprotected Talek Enclave is a major hub for pastoralist settlements and has in recent decades witnessed a significant increase in the populations of humans (406% from 1991 to 2012), which has led to a drastic increase in the number of livestock grazing inside the MMNR (from 0 in 1988 to 2219 in 2013; Green et al. 2019a). The present study was conducted between November 2017 and May 2018.

Study design
Study sites: We selected our undisturbed and human-impacted study sites based on (i) similarity in ecological conditions except for the impact of human activities, (ii) contrast in the impact of humans on the presence of livestock and predators, and (iii) accessibility even during wet conditions. Maasai herders and their livestock are known to regularly move up to 6km into the MMNR from the Talek enclave (Pangle & Holekamp 2010; Butt 2014), and therefore our two ‘human-impacted plains’ were located within 2.5km of the reserve’s boundary with the Talek enclave whereas the ‘undisturbed plains’ were ≥10km from the reserve boundary (Fig. 1). Otherwise, the plains were similar open expanses of grassland practically void of trees, bordered by rivers with woody vegetation. High exposure to livestock herding on the human-impacted plains was confirmed by direct observation during our study as well as road transect surveys by the Mara Predator Conservation Programme (Annual reports 2014 to 2018; www.marapredatorconservation.org), with a numerical indication of the scale of the impact given by the daily grazing of approx. 4,000 cattle on average within a largely overlapping 143km2-study area in 2013 (Green et al 2019a). Moreover, long-term monitoring has shown that the numbers of lion (Panthera leo) and cheetah (Acinonyx jubatus), the two large stalking predators of the open plains, are now distinctly lower on the human-impacted plains than on the undisturbed plains (lion: Elliot & Gopalaswamy 2017, Green et al. 2018; cheetah: Klaassen & Broekhuis 2018; Broekhuis et al. 2019).
Study species: To assess the generality of our findings, we chose as study species two savannah antelopes that contrasted in their vulnerability to the stalking predators whose densities are known to have been negatively affected on the human-impacted plains, i.e. the Thomson’s gazelle (21kg) and the topi (119kg) (Estes 1991). Because of their size difference, Thomson gazelles are preferred by cheetahs and leopards (Panthera pardus) whereas lions have a stronger preference for topi (Hayward & Kerley 2005; Hayward et al. 2006a,b). Otherwise, the two species are both gregarious grazers and abundant year-round throughout the reserve (Green et al. 2019a). They are usually found on open plains, frequently aggregating in mixed-species herds (Meise et al. 2019), and both species regularly emit alarm calls in response to lion, cheetah, and leopard (Meise et al. 2018). Both the topi and Thomson’s gazelle have resident populations in our study area (Green et al. 2019a); even if a proportion of the Thomson’s gazelles migrate in the wider Serengeti-Mara system (Durant et al. 1988), the migratory ungulates usually occupy the MMNR from June to October, i.e. outside our study period. We therefore assumed that significant movements of both study species between the undisturbed and human-impacted plains during the study were unlikely, given estimated home range diameters of 3km for resident Thomson’s gazelles (Walther 1972) and 8km for the resident topi in the study area (Bro-Jørgensen 2003). Individual antelopes in the two areas were thus assumed to have experienced distinctly different levels of human impact over a prolonged period.
Sampling: Based on previous playback experiments and vigilance recordings on the two study species in the same study system (Meise et al 2018, 2020), we estimated that 10-12 repeat measurements of vigilance and playback responses were likely to reveal any clear differences in behavioural responses between contexts. To control for the potential effect of sex on responses, we balanced the focal animals for vigilance recordings as well as both producers and receivers of alarm calls between males and females throughout; however, as stated in the Results, no effect of sex was found in any of the analyses. 

Vigilance recording
Using a digital video camera (Sony HDR-PJ810E), vigilance was recorded during otherwise uninterrupted grazing bouts from a 4WD Toyota Landcruiser at a distance of 50m (as measured using a laser rangefinder, Bushnell Scout DX 1000 ARC). From the videos, we later scored vigilance of the most visible animal as the number of head-lifts above shoulder level over a five-minute period, using the BORIS (Behavioural Observation Interface) Software (Friard & Gamba 2016). Vigilance was recorded for both topi and Thomson’s gazelles on ten separate occasions in both undisturbed and human-impacted areas, i.e. a total of 40 measurements. Five males and five females were sampled in each context. Because vigilance is known to be affected by group size (Underwood 1982) and sward characteristics (Brown & Kotler 2007, Pays et al. 2012, Stears & Shrader 2015), we further standardized socioecological conditions by limiting all observations to individuals in small herds (≤4 individuals) at sites with short grass (≤20 cm); that this standardization had been successful was supported by a lack of association in the total dataset between vigilance and either group size (Kendall’s rank correlation test, topi: Z = 0.258, N1 = N2 = 10, P = 0.796; Thomson’s gazelle: Z = 0.326, N1 = N2 = 10, P = 0.745) or grass height (Kendall’s rank correlation test, topi: Z = 0.717, N1 = N2 = 10, P = 0.474; Thomson’s gazelle: Z = 1.231, N1 = N2 = 10, P = 0.218). 

Playback experiments
Topi and Thomson’s gazelles each have a highly stereotypic alarm call, without obvious difference in the acoustic structure of calls elicited by different predator species (Estes 1991; Meise et al. 2018; Fig. 2). In the playback experiments, we used as exemplars recordings of six alarm calls from each species, collected during a previous study (Meise et al. 2018). Although there was no conspicuous difference in alarm calls of the two sexes, we selected three calls from each sex for both species to balance the experiments. Recordings of non-alarm calls from the ring-necked dove (Streptopelia capicola), also collected in the study of Meise et al. (2018) and comparable in volume to the alarm calls, were used as the control sound (Fig. 2). All playback stimuli were played back at natural volume, using a sound-level meter (UNI-T, model UT352) for calibration. 
Within both the undisturbed and the human-impacted areas, each stimulus type (topi, Thomson’s gazelle, and control) was presented to 11-13 adult individuals of each species (5-7 of each sex), resulting in a total of 144 playback trials. For the experiments, grazing herds of topi and Thomson’s gazelles were located while driving along the existing network of tracks, and the animal closest to the vehicle was chosen as the focal individual, which hence was invariably in the periphery of the group, thereby limiting any confounding effect of within-group position on the magnitude of alarm call responses. The stimulus was played back after a 20s period of uninterrupted grazing (Meise et al. 2018) using a digital audio recorder (Tascam H2-P2) connected to a loudspeaker (Mipro MA707) positioned at ground level and hidden behind the field vehicle (ungulates in MMNR are habituated to vehicles). All trials were recorded using the digital video camera. Playbacks were conducted at distances of 45-80m (measured with the laser rangefinder) and at a wind speed of ≤3m/s (measured with an anemometer, Proster Digital LCD) in order to ensure stimulus detection (Meise et al. 2018). We also estimated grass height and distance from nearest cover, and recorded group size at each playback site. 
Although the large population sizes of the two study species in MMNR (approx. 8,000 Thomson’s gazelles and 5,000 topi; Ogutu et al. 2011) reduced the likelihood of playing back stimuli to the same individual twice, the risk of pseudo-replication was further minimized by individual recognition based on horn morphology, coloration, and scars (Walther et al. 1983; Bro-Jørgensen & Durant 2003). To avoid habituation of individuals prior to playback trials, we moreover only visited the same plains after a minimum interval of five days, and playback trials on the same day were located >500m apart, i.e. beyond the active space of the playbacks (Meise et al. 2018). Individual exemplars were presented in a randomized order and not played back more than three times to the same species in the same area.
Videos from playback trials were processed in the BORIS Software using frame-by-frame analysis (temporal window length = 0.04s). Focal individuals were scored as responding if they lifted their head at shoulder level within 10s of the onset of the stimulus. Response intensity was measured as: (i) response latency (time to head-lifting); and (ii) response duration (interval between head-lifting and resumption of grazing; Meise et al. 2018). 

Statistical analyses
All statistical analyses were conducted in R v. 3.5.2 (R Development Core Team, 2019). Vigilance rates and the durations of alarm call responses were both compared between undisturbed and human-impacted areas using unpaired Wilcoxon rank-signed sum tests (α=0.05). Latency to alarm call responses was compared between areas using the log-rank statistic of time-to-event Kaplan-Meyer survival analysis in the packages survival and survminer (Therneau & Lumley 2014; Kassambara et al. 2017). In case of no response, data were right-censored and entered in the model with a value of 10,000 ms (the cut-off point for a response to occur). Due to non-normal distribution of the data, Wilcoxon rank-signed sum tests was also used to test whether playback locations in undisturbed and human-impacted areas differed in conditions, i.e. distance to focal individual, group size, grass height, distance to vegetation cover, and wind speed.
We tested whether responses to alarm call playbacks were an artefact of the playback methodology by comparing the likelihood of a response (i.e. head-lifting) after playback of alarm calls and control sounds (dove calls). We moreover tested whether the control sound was appropriate by comparing the likelihood of head-lifting (i) after playback of the dove call and (ii) during randomly-selected 10s intervals of undisturbed grazing bouts. In both cases, we used Pearson’s chi-squared tests (α=0.05).

RESULTS
Vigilance
Both topi and Thomson’s gazelles living closer to human settlements were less vigilant during grazing bouts than those in relatively undisturbed areas (topi, human-impacted areas: mean ± S.E. = 1.9 ± 0.5 head-lifts/5min.; undisturbed areas: 5.6 ± 0.6 head-lifts/5min.; Wilcoxon rank-signed test: W = 7, N1 = N2 = 10, P =0.001; Thomson’s gazelle, human-impacted areas: 7.8 ± 0.8 head-lifts/5min.; undisturbed areas: 15 ± 1.4 head-lifts/5min.; Wilcoxon rank-signed test: W = 3.5, N1 = N2 = 10; P < 0.001). No effect of sex on vigilance level was found (results not shown). This supports the hypothesis that human settlements next to the reserve create human shields, within which overall predation risk is reduced. 

Alarm call responses
Both topi and Thomson’s gazelles exhibited stronger responses to conspecific alarm calls in the human-impacted areas than in the undisturbed areas. In the vicinity of human settlements, both species reacted faster to alarm call playbacks, although the difference was not significant for Thomson’s gazelles (log-rank, topi: χ2 = 12.1, P < 0.001; Fig. 3A; Thomson’s gazelle: χ2 = 3.30, P = 0.071; Fig. 3B). Responses to conspecific alarm calls also lasted longer in human-impacted areas for both topi (human-impacted areas, 39.9 ± 9.6 s; undisturbed areas = 13.2 ± 2.4 s; Wilcoxon rank-signed test: W = 124, N1 = 12, N2 = 13, P = 0.011; Fig. 4A) and Thomson’s gazelles (human-impacted areas = 30.501 ± 6.49 s; undisturbed areas = 15.382 ± 4.737 s; Wilcoxon rank-signed test: W = 114, N1 = 13, N2 = 11, P = 0.013; Fig. 4B). Human presence had no obvious effect on the reactions to heterospecific alarm calls, with no significant difference between human-impacted and undisturbed areas in either response latency (topi to Thomson’s gazelle: χ2 = 0.400, N1 = 11, N2 = 13, P = 0.530, Fig. 3C; Thomson’s gazelle to topi: χ2 < 0.001, P = 0.860, Fig. 3D) or duration (topi to Thomson’s gazelle, Wilcoxon rank-signed test: W = 14, N1 = 11, N2 = 13, P = 0.145, Fig. 4A; Thomson’s gazelle to topi, Wilcoxon rank-signed test: W = 76, N1 = N2 = 12, P = 0.149; Fig. 4B). No effect of the sex of either the caller or the receiver was found in any of the analyses (results not shown). The stronger reaction to conspecific alarm calls in human-impacted areas is contrary to the hypothesis that alarm calls in this situation require less attention because the likelihood that they indicate natural predators is reduced.
Except for grass height, no difference was found in the playback conditions between undisturbed and human-impacted areas (Wilcoxon rank-signed test, group size: W = 1135.5, P = 0.771, distance to cover: W = 968.5, P = 0.135, wind speed: W = 1300.5, P = 0.368). Grass height was significantly shorter for the playback locations in proximity to human settlements (Wilcoxon rank-signed test: W = 588, P < 0.001), likely due to livestock grazing pressure (Green et al. 2019a). Because a stronger response to predator cues in tall grass (which facilitates stalking) is well-established in ungulates (Caro 1994; Meise et al. 2018), it is worth noting that the stronger responses to conspecific alarm calls in the human-impacted areas occurred in spite of their shorter grass. 

Responses to control stimuli
Topi and Thomson’s gazelles were found to lift their heads significantly more often after playback of alarm calls than after playback of the control sound (Pearson chi-square test, topi: χ2 = 32.24, P < 0.001; gazelle: χ2 = 27.04, P < 0.001), and both species were not more likely to lift their heads in the 10s after playback of the control sound than during 10s intervals randomly-selected from grazing bouts (Pearson chi-square test, topi in human-impacted areas: χ2 = 0.002, P = 0.961; topi in undisturbed areas: χ2 < 0.001, P = 1.00; gazelle in human-impacted areas: χ2 = 0.552, P = 0.458; gazelle in undisturbed areas: χ2 < 0.001, P = 1.00). These results show that responses were not an artefact due to the playback itself.

DISCUSSION
Our results suggest that proximity to human settlements can at the same time reduce vigilance behaviour and intensify responses to conspecific alarm calls in wild ungulates. The lower vigilance rates observed during grazing bouts imply that both our study species, the topi and the Thomson’s gazelle, perceived areas around humans as safer from predation than those further away. In contrast to its effects on vigilance, proximity to humans appeared to increase the strength of the responses to conspecific alarm calls. This could be because alarm calls in human-impacted areas were associated with anthropogenic threats which required heightened attention from receivers because they were either more severe or more ambiguous than the threats eliciting alarm calls in undisturbed areas. 
Our finding of lowered vigilance levels in proximity to human settlements can be explained by a decrease in the probability of encountering lions and cheetahs as head-lifting in grazing ungulates is assumed to be primarily aimed at detecting stalking predators approaching (Ciuti et al. 2012a; Crosmary et al. 2012; Periquet et al. 2012). In contrast to the stalking predators, the spotted hyena (Crocuta crocuta), also a major predator of especially topi (Hayward 2006), has increased numerically in the human-impacted parts of our study area and is more abundant there than in the more undisturbed areas (Green et al 2019b); however, as a coursing rather than a stalking predator, the spotted hyena is expected to have less of an effect on vigilance levels (Dröge et al. 2019). Humans are also encountered more often in human-impacted areas, but the reduced vigilance here is consistent with most encounters being non-threatening, leading to a degree of habituation to what is potentially also a stalking predator. 
If reduced vigilance in proximity to settlements suggests a human shield effect, why would the two antelopes then respond more strongly to conspecific alarm calls in the human-impacted areas? We propose that, although infrequent, anthropogenic threats eliciting alarm calls could be perceived as either more severe or indeed more ambiguous than threats deriving from natural predators; where there is ambiguity, uncertainty about the information content in alarm calls may call for more intense scrutiny (Bradbury & Vehrencamp 2011; Favreau-Peigne et al. 2016). For antelopes adapted to natural environments, humans are likely to behave more unpredictably than large carnivores, engaging in a wide range of activities: some activities incur a relatively low cost to wild ungulates (various harassment and nuisances), but other activities, even if infrequent, can be associated with extremely high mortality (notably shooting by firearms or bow-and-arrow; Proffitt et al. 2009; Zbyryt et al. 2018). Livestock herders are also often accompanied by guarding dogs which are known to chase, injure, and sometimes kill wild ungulates (Pelletier 2006; Young et al. 2011; Ekernas et al. 2017; authors pers. obs.). It may therefore be adaptive for topi and Thomson’s gazelles co-existing with humans to react more quickly and for longer to alarm calls in order to assess if the danger is imminent, and subsequently – if ambiguity remains - invest the time required to correctly identify the stimulus eliciting the alarm and its associated danger. This interpretation also agrees with the higher variability in response duration to conspecific calls in the human-impacted areas. 
The positive effect of human presence on alarm call responses appeared less pronounced in Thomson’s gazelles than in topi. Even if the study took place outside the migration season, an explanation for this pattern may be the possibility that some of the Thomson’s gazelles were still migratory, covering both human-impacted and undisturbed areas. Such migratory individuals would be less likely to develop responses specific to local conditions and more likely to express behaviours that are adaptive on average. Alternatively, topi could be more affected by the anthropogenic threats or they could display a higher degree of behavioural flexibility than Thomson’s gazelle; however, these explanations remain speculative.
Why were responses found to be stronger only to conspecific – and not to heterospecific – alarm calls in human-impacted areas? It is possible that the conspecific calls more accurately reflect species-specific anthropogenic threats in the human-impacted areas, whereas heterospecific calls primarily convey information about the presence of natural predators. Alternatively, ungulates may be less capable of detecting subtle changes in the information content of alarm calls from another species, which they are likely to hear less frequently than their own (cf. Magrath et al 2015). Here it is noteworthy that vervet monkeys (Chlorocebus aethiops) have been shown no longer to react fearfully to their own alarm calls when these calls are repeatedly associated with non-threatening stimuli, but they fail to adjust in the same way to the alarm calls of familiar birds and antelopes (Cheney & Seyfarth 1992). However, mule deer (Odocoileus hemionus ) have been found to react more strongly to heterospecific alarm calls from yellow-bellied marmots (Marmota flaviventris) in proximity to human settlements (Carrasco & Blumstein 2012). We therefore believe that a larger sample size on the present study species would be desirable for a firmer conclusion as to whether responses to heterospecific alarms may also differ between undisturbed and human-impacted areas.
In conclusion, this study provides novel evidence that even where human shields against predators reduce vigilance levels, responsiveness to alarm calls is not necessarily also reduced and may even be increased. An explanation for the increased attention paid by antelopes to alarm calls in human-impacted landscapes may be that alarm calls in this context are also elicited by anthropogenic threats, which are more unpredictable than threats from natural predators. This explanation suggests that antelopes are capable of nuanced adaptive responses in human-modified environments. However, whether lack of detectable change in response to heterospecific alarms reflects adaptive behaviour or rather constraints on behavioural flexibility is not yet clear. The overall effect of human presence on antelope fitness will depend on how benefits from reduced vigilance balance out with costs of increased responsiveness to alarm calls (which again depend on how frequently alarms are heard), as well as of course the changes in direct mortality. We would welcome future comprehensive studies integrating these effects, which would allow us to establish consequences of human activities for population performance.
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FIGURE LEGDENDS

Figure 1: Maasai Mara National Reserve and its location in Africa (inset). The location of the human-impacted plains and the undisturbed plains are shown. 

Figure 2: Spectrograms of alarm calls used for the playback experiment: (a) topi alarm call; (b) Thomson’s gazelle alarm call; (c) ring-necked dove call (control sound). Spectrograms were generated in Praat version 6.1 (window length = 0.01 s; dynamic range = 50 dB).

igure 3: Cumulative incidence curves from Kaplan-Meyer survival analysis. Shown are response latencies of topi and Thomson’s gazelles to playbacks of conspecific (a: topi to conspecific, b: gazelle to conspecific) and heterospecific alarm calls (c: topi to heterospecific, d: gazelle to heterospecific) in human-impacted and undisturbed areas.

Figure 4: Boxplots of the duration of responses to playbacks of conspecific and heterospecific alarm calls in topi (a) and Thomson’s gazelle (b) in human-impacted and undisturbed areas. Boxes depict the inter-quartile ranges of response durations, while the whiskers indicate variability outside the lower and upper quartiles. Black dots represent outliers.
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