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Rapid population growth and the urbanization of modern environments are markedly increasing human-wildlife conflict. Wild animals in urban landscapes can benefit from exploiting human resources, but are also exposed to increased risk of human-caused injury, which should favor the ability to perceive and respond to human cues. Although it is well known that domesticated animals use human cues that may indicate threats, less is known about wild animals living in urban environments. Herring gulls (Larus argentatus) in urban landscapes have adapted kleptoparasitic behaviors to obtain human food, often resulting in negative interactions with humans. Here we quantified both the behavioral and physiological responses of free-living urban herring gulls to human shouting. We presented urban gulls with a fake human food item and played back recordings of either a man shouting, a natural stressor (i.e., conspecific alarm call), or a neutral stimulus (i.e., robin song). We recorded behavioral responses and used non-invasive infrared thermography to measure eye-region surface temperature changes associated with the avian physiological stress response. We found that gulls exposed to shouting and to conspecific alarm calls showed similar changes in behavior (indicating high levels of vigilance) and eye-region surface temperature (indicating physiological stress). Both responses were significantly stronger than the responses to robin song. Additionally, the behavioral and physiological responses were positively correlated across individuals. Our results demonstrate that urban-dwelling gulls respond to human shouting and conspecific alarm calls in a similar way, and suggest that infrared thermography is a viable technique to monitor stress responses in free-living birds.
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Introduction

As human populations and degree of urbanization are growing worldwide, the frequency of encounters between humans and wildlife is increasing dramatically (Soulsbury and White, 2015). While human-wildlife interactions can be detrimental for certain species (e.g., crested anoles Anolis cristatellus; Kolbe et al., 2016; bobcats Lynx rufus; Ordeñana et al., 2010; rufous-tailed hummingbirds Amazilia tzacatl; Biamonte et al., 2011), others appear to prosper in urban environments (e.g., brown rats Rattus norvegicus; Traweger et al., 2006; feral pigeons Columbia livia; Aronson et al., 2014; house sparrows Passer domesticus, common starlings Sturnus vulgaris; Chace and Walsh, 2006; Aronson et al., 2014). Such urban-dwelling species often benefit from easy access to human food (Oro et al., 2013; Cox and Gaston, 2018), and have adapted behavioral traits to facilitate their use of anthropogenic resources, such as foraging innovations to extract food (e.g., Aplin et al., 2013; Audet et al., 2016; Ducatez et al., 2017), opportunistic diets and kleptoparasitism (i.e., stealing food from others) (Murray et al., 2015; Ducatez et al., 2017; Méndez et al., 2020), and increased nocturnality (Gaynor et al., 2018). However, species living in urban habitats also face increased disturbance levels due to anthropogenic activities (e.g., pedestrian and vehicular traffic) (Lowry et al., 2013; Shannon et al., 2014; Loss et al., 2015), which can significantly reduce their chances of survival and reproductive success (Frid and Dill, 2002; Price, 2008). Thus, human-dominated landscapes should select for individuals that perceive and respond to human cues, to reduce the risks associated with anthropogenic activities (Møller, 2008; Audet et al., 2016; Goumas et al., 2020c). So far, relatively little attention has been paid to how urban wildlife respond to, and interact, with humans (Goumas et al., 2020c). Such understanding would contribute greatly to the mitigation of human-wildlife conflict (Johnson and Munshi-South, 2017).

Wild animals appear to rely on multiple cues to inform their response to potential human threats. For instance, work on both corvids (American crows Corvus brachyrhynchos and Western jackdaws Corvus monedula) and pigeons suggests that wild animals may recognize individual humans and distinguish dangerous people, who were previously involved in trapping efforts, from non-threatening people (Marzluff et al., 2010, 2012; Belguermi et al., 2011; Davidson et al., 2015). Additionally, wild animals use gaze direction as a cue to assess human threat (known as “gaze aversion”) (reviewed in Goumas et al., 2020c): numerous wild species have been shown to take longer to approach food (Carter et al., 2008; Goumas et al., 2019), or to take flight sooner (Bateman and Fleming, 2011; Clucas et al., 2013), when human gaze is directed at them. Thus, urban-living animals can gauge the risk posed by humans by using visual cues. There is also some evidence that cues in other sensory modalities, such as auditory cues, are used as indicators of human risk (e.g., Lynch et al., 2015). For example, wild animals may discriminate between familiar and unfamiliar human voices (McComb et al., 2014; Dutour et al., 2021). Yet, the majority of research on animals’ perception of human auditory cues to assess human risk has been conducted on captive and domesticated animals (Adachi et al., 2007; Lampe and Andre, 2012; Proops and McComb, 2012; Wascher et al., 2012; Saito and Shinozuka, 2013; Ratcliffe et al., 2014; Leroux et al., 2018), while little is known about wild urban-living animals.

Herring gulls (Larus argentatus) represent an interesting model for investigating how human auditory cues are perceived by urban wildlife. In the last five decades, gull numbers in urban environments have grown exponentially in the United Kingdom (Balmer et al., 2014; Eaton et al., 2015; Ross et al., 2016), resulting in an increased conflict with human populations in urban areas (Rock, 2005). Herring gulls are opportunistic feeders and they have adapted kleptoparasitic behaviors to obtain human food (Rock, 2005; Spencer et al., 2017). Herring gulls use human behavioral cues to assess risk in a feeding context, such as human gaze direction when approaching an anthropogenic food source (Goumas et al., 2019). Additionally, previous work has found that nesting herring gulls display similar anti-predator behavioral responses to playbacks of humans reading a book passage as they do to conspecific or heterospecific gull alarm calls (MacLean and Bonter, 2013). The latter study tested gulls that were incubating eggs, at a site where humans used to take eggs and adult birds for food. Our study complements this previous work by addressing whether gulls respond similarly in an urban setting when foraging rather than nesting.

It is likely that experiments on wild animals attracted to human food in urban environments are biased toward testing only the boldest, least neophobic individuals (Dammhahn and Almeling, 2012; Daniels et al., 2019). While such individuals may appear to behaviorally ignore human threats such as approach or shouting, such threats could still cause physiological responses that are less easily perceived by human observers. To address this issue, we quantified both behavioral and physiological responses of urban herring gulls to human threat. The quantification of changes in external body temperature represents a promising approach to determine wild animals’ physiological responses to stressors (Gormally and Romero, 2020). Acute stress responses in endotherms are characterized by sympathetically mediated vasoconstriction that redirects blood from the periphery to the core of the body, referred to as stress-induced hypothermia or SIH (Briese and Cabanac, 1991). This physiological response results in a temporary temperature drop at the body surface, which can be recorded remotely and non-invasively using infrared thermal cameras (Stewart et al., 2005; McCafferty, 2013). Numerous studies have successfully measured stress-induced temperature changes in the area around the eye (i.e., the periophthalmic ring) of birds, as demonstrated in passerines caught from the wild (Jerem et al., 2015, 2018, 2019; Andreasson et al., 2020; Robertson et al., 2020, 2021), gamebirds (Knoch et al., 2022), and poultry (Edgar et al., 2013; Herborn et al., 2015, 2018; Weimer et al., 2020). However, infrared thermography (IRT) has not been implemented yet in the context of human-wildlife interactions in the field.

Our study quantified the behavioral and physiological responses to human shouting of wild urban herring gulls feeding on human food, by combining IRT with behavioral observations. We presented wild herring gulls with a (fake) food source and, once they started pecking at it, exposed them to the playback of one of three types of auditory stimulus: a man shouting, a conspecific alarm call (a natural stressor), or a robin (Erithacus rubecula) song (a neutral stimulus). We recorded the gulls’ eye-region temperature changes using IRT, as well as their behavioral responses to the playback stimulus. We investigated whether urban herring gulls perceive human shouting to be threatening to a similar extent as the risk signaled by conspecific alarm call. We first predicted that individuals exposed to the man shouting would show a drop in eye-region surface temperature similar to the temperature drop observed in individuals exposed to the conspecific alarm call. In contrast, we predicted that individuals exposed to neutral robin song would show minimal or no temperature drop. Secondly, we predicted that the man shouting and conspecific alarm call treatments would elicit an antipredator behavioral response (e.g., vigilance or flight) of similarly high intensity, while robin song would elicit no such anti-predator behavior. Finally, we tested whether gulls’ behavioral and physiological responses would correlate, such that individuals with larger temperature drops would also show more pronounced vigilance or flight behaviors.



Materials and methods


Test subjects

We studied wild populations of herring gulls in several coastal towns in Cornwall, United Kingdom, between 7:00 and 18:20, from 27 April 2021 to 14 July 2021, during the breeding season. Herring gulls found foraging in Cornish towns are likely to be habituated to anthropogenic activities (Goumas et al., 2019, 2020a,b). The individuals we tested were all unmarked. However, because herring gulls can be territorial during the breeding season (Drury and Smith, 1968), we minimized the chance of pseudoreplication by avoiding repeated experimental trials in the same location when possible. We considered two gulls to be from different locations when they were foraging and nesting at least 150 m apart. Whilst individual gulls return to the same productive feeding location (Davis, 1975), they can travel significant distances when they forage (Fuirst et al., 2018). We therefore could not rule out that the same individuals visited multiple locations. We included “location” as a random effect in our statistical models (see below) to control for any potential pseudoreplication in our analyses. A total of 96 observational trials were conducted in 44 locations while 48 thermal measurements were conducted in 29 locations (see Supplementary Tables 1, 2 for details on treatment sample size per location, and see map of the test locations).1 For locations with large numbers of gulls and high anthropogenic activity (e.g., beach, lake), we occasionally tested gulls that were foraging within 150 m from each other, and thus identified them as being from the same location. In this case, the experimenter visually tracked the individual’s movement after testing it, to minimize the chance of repeating the next experiment on the same individual.



Stimulus selection

Playbacks included three types of auditory treatments: (1) man shouting, (2) herring gull alarm call, and (3) robin song. Each treatment included five exemplars (i.e., recordings) from different individuals to reduce pseudoreplication and increase generalizability. The five human voices were recorded from five British male volunteers who had no previous experience with the gulls tested. The five volunteers were asked to shout “No! It’s my food! It’s my pasty!”, simulating the potential auditory experience of a herring gull stealing a pasty (a traditional British baked pastry filled with meat and vegetables). The herring gull alarm-call treatment consisted of “yeow calls” used to alert conspecifics to the presence of a threat (Shah et al., 2015). All the recordings of herring gulls and robins were obtained from the https://Xeno-Canto.org website (herring gull recordings: XC397600, XC444037, XC511610, XC483105; robin recordings: XC627492, XC630182, XC631729, XC632323, XC639916), with the exception of one herring gull track recorded by the experimenter in St Austell, United Kingdom, as we could not obtain enough suitable herring gull recordings from the Xeno-Canto library.

We edited recordings, normalized their amplitude, and removed background noise using Audacity 3.0.4 (D.M. Mazzoni, Canada).2 Each recording was standardized to a duration of 30 s. We standardized the duty cycle of the recordings such that: (1) for the herring gull and robin treatments, each recording consisted of two loops of a 10-s sound clip followed by 5 s of silence; and (2) for the man shouting, each recording consisted of six loops of a 2-s sound clip followed by 3 s of silence. All the recordings were mono and normalized to 60 dB peak amplitude (dB A weighting; 20 μPA reference value) to imitate what gulls would experience under natural conditions (Shah et al., 2015). We measured the amplitude of recordings in the field using a sound level meter (Decibel X, SkyPaw Co., Ltd.).



Experimental protocol

The fake food item was a plush pasty (55 × 135 × 185 mm) filled with rocks to prevent the gulls from flying off with it. We chose this food item because pasties are commonly consumed in Cornwall and gulls are likely to have had previous experience with them. The experimenter located a gull that was not engaged in agonistic interactions. The experimenter then approached to approximately 10 m from the gull, pretended to eat the pasty and then threw it approximately 3 m into the air once to several times, to attract the gull’s attention. It took 36.14 ± 25.83 s (mean ± sd; n = 46) for the experimenter to attract the gull’s attention in trials where the gull approached and pecked at the pasty. Once the gull showed an interest in the pasty (either staring at the pasty and/or walking/flying toward the experimenter holding the pasty), the experimenter placed the pasty on the ground. The pasty was placed two meters away from a FLIR thermal camera (FLIR T530, f = 17 mm, resolution = 320 × 240 (76,800 pixels), thermal sensitivity = < 40 mK, 24° @ + 30°C, image frequency = 30 Hz) and a FoxPro speaker (FoxPro Fury 2, FOXPRO Inc., Lewistown, PA, United States), which were both camouflaged in a toy pram. The thermal camera was positioned 2 m away from the pasty such that gulls approaching the food were always within the camera’s field of view, while maximizing the resolution of the thermal images. Immediately after placing the pasty on the ground, the experimenter walked away to a distance of at least 10 m (Goumas et al., 2020a).

Once the focal gull started pecking at the pasty, it was left undisturbed for 15 s to control for the individual’s arousal levels, as the gull might be stressed to approach and/or excited to locate the pasty, which can affect its physiological response (Moe et al., 2012; Travain et al., 2016). We also used this period to measure the pre-treatment “baseline” body surface temperature of the gull with the thermal camera (Jerem et al., 2015). Then, the experimenter played a 30-s recording of one of the three auditory treatments (man shouting, conspecific alarm call, or robin song) to imitate what gulls would experience under natural conditions (Shah et al., 2015). The orders of each treatment and of each stimulus exemplar were assigned randomly by assigning each treatment to a number between 1 and 3 and each stimulus exemplar to a number between 1 and 5, and using a generator of random numbers (Randomizer version 3.9.8, Google Commerce Ltd.). The surface temperature of the focal gull, focused on the eye region, was recorded during those 30 s with the thermal camera, while the behavioral response of the gull to the playback was recorded with a camcorder (Panasonic HC-V770, f = 29.5 mm) positioned at least 10 m away from the pasty and either held by an observer or placed on the ground. The experimental trial was terminated at the end of the 30-s playback, or earlier if people approached the experimental set up or if the focal gull moved beyond an estimated radius of 10 m from the pasty. We also aborted the experimental trial if a loud anthropogenic noise (e.g., traffic noise, dog barking) elicited a change in the focal gull’s behavior or if another gull interacted with the focal gull. We decided to limit our experiments to 30 s, as previous work on birds suggests that temperature values drop within 10–20 s after exposure to a stressor (Jerem et al., 2015, 2019; Andreasson et al., 2020; Knoch et al., 2022). After 30 s, the experimenter moved to a different location, or waited 30 min before conducting another trial in the same location to reduce any potential carryover effects (see Supplementary Tables 1, 2). For consecutive trials conducted in the same location, the experimenter visually tracked the individual’s movement after testing it, to minimize the chance of repeating the next experiment on the same individual, and randomly chose a different stimulus for the next experimental trial.

For each experimental trial, we measured several additional variables that may have affected the behavioral and physiological responses of the focal gull. We recorded atmospheric temperature and relative humidity using a weather app (The Weather Channel, TWC Product and Technology, LLC). After each experimental trial we also measured the reflected temperature, corresponding to the radiation originating from other objects that reflect off the body surface of the focal gull, by placing aluminum foil (with a known emissivity of 1) at the pasty location and measuring its mean temperature with the thermal camera.



Thermal video processing

We recorded 48 experimental trials with the thermal camera. For each experimental trial, we extracted the maximum temperature of the eye region (area covering the eye and the exposed skin around the eye; Figure 1) for each second, using FLIR Tools software version 6.4 (FLIR Systems, Inc., 2015), and following the methods detailed by Jerem et al. (2015). We used the maximum temperature of the eye region since thermal imaging may underestimate temperature measurements due to motion blur, making the maximum temperature the most accurate measurement (Jerem et al., 2015; Tabh et al., 2021). We delineated the eye region using the box measurement tool (Figure 1). We adjusted the parameters of the thermal video to environmental conditions by entering the following variables into the software: atmospheric temperature, reflected temperature, humidity, distance of thermal camera from focal gull, and emissivity (set at 0.95). We extracted the maximum eye-region temperature (Teye) for each frame (frame rate = 30 fps). We removed frames where the eye region was blurry or not visible (due to motion), or when the focal gull was blinking (characterized by a spike of Teye for 3 frames or less). We also removed frames when the head was not perpendicular to the lens of the thermal camera, since head orientation has been shown to influence surface temperature estimates of the eye region (Herborn et al., 2015; Playà-Montmany and Tattersall, 2021; Tabh et al., 2021). Using R version 4.0.0 (R Core Team, 2020), we selected the highest and most accurate temperature measurements using a “peak search algorithm” developed by Jerem et al. (2015). We performed linear interpolation to estimate temperature values when no measurement was extracted (Jerem et al., 2015, 2019; Knoch et al., 2022), and averaged measurements for each second using the R package zoo (Zeileis and Grothendieck, 2005). We obtained one measurement per second, starting from 15 s before stimulus presentation to the end of the 30-s auditory treatment. The 15 s before stimulus presentation were used for illustrative purposes only and were not included in our statistical models (see Figure 2)—whilst only the single highest value of Teye of these 15 s was used to determine the pre-treatment temperature of Teye (hereafter referred to as “baseline temperature”). We set 0 s as the time when the stimulus was played. After completion of the thermal video processing, the data for each experimental trial consisted of: (1) a pre-stimulus period of 15 s with maximum eye-region temperature (Teye) for each second (used for illustrative purposes only), and one baseline temperature; and (2) a post-stimulus period of 30 s with maximum eye-region temperature (Teye) for each second. We removed from our dataset all trials that had fewer than 5 s of Teye post-stimulus.
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FIGURE 1
Thermal image of a herring gull after the experimenter played back the conspecific alarm call stimulus. The red triangle pinpoints the maximum eye-region temperature (Teye). The periophthalmic ring is the warmest region (27.6°C here) of the head (delineated by the box). On the ground, next to the gull, is the fake food item (plush pasty) used to lure the gull within view of the thermal camera (the plush pasty is placed 2 m away from the thermal camera). The temperature scale is indicated in the top-left corner.
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FIGURE 2
Mean difference from baseline in maximum eye-region temperature (Teye) of herring gulls in the three treatments [conspecific alarm call (n = 17 gulls) in purple, man shouting (n = 15) in blue, and robin song (n = 16) in yellow] with their 95% confidence intervals (ribbons). The auditory treatment was played at 0 s for a duration of 30 s. Missing temperature values were replaced using linear interpolation.




Behavioral observations

We recorded 96 experimental trials with the camcorder, and 47 thermal measurements were within this set of trials. For each experimental trial, we graded the maximum behavioral response of the focal gull on a scale from 0 to 4 (Table 1). Each number described a set of behaviors (based on Tinbergen, 1961; MacLean and Bonter, 2013; Shah et al., 2015), with higher values representing more pronounced behavioral responses to the stimulus. Gulls display alertness behaviors by stretching their neck to scan for threats (Tinbergen, 1961; MacLean and Bonter, 2013). We described gulls as “walking away” when they moved beyond an estimated radius of 10 m from the pasty, and within 20 s from the start of the stimulus playback to control for individuals that lost interest in the pasty at the end of the trial. We differentiated gulls that walked away as a vigilant behavioral response to the stimulus from gulls that walked away because they lost interest in the pasty (i.e., gulls that did not show any vigilant behavioral response as described in Table 1). In the latter case, the gull’s departure was not considered to be an escape and was scored as 0.


TABLE 1    Ethogram used to classify the behavioral responses of foraging herring gulls to the auditory stimulus treatments.
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Statistical analysis

We conducted all analyses in R version 4.0.0 (R Core Team, 2020). To analyze variation in unstandardized post-stimulus Teye among treatments, we fitted a linear mixed model (LMM) with the package lme4 (Bates et al., 2015). As fixed effects we included treatment (conspecific alarm call, robin song, or man shouting), time (one value for each second of the post-stimulus period), and the interaction of these two terms. We included baseline temperature as a fixed effect, since individuals with higher baseline temperature may show larger temperature changes (Herborn et al., 2015). We included behavioral response (ranging from 0 to 4) as a fixed effect to test whether it was correlated with changes in eye region temperature. As random effects we included location and playback stimulus exemplar ID to control for pseudoreplication. Date was also initially included as a random effect, since seasonal changes between April and July when trials were conducted may affect the birds’ physiological response to acute stressors (Romero, 2002). However, date was subsequently removed as it did not significantly improve the model fit to the data (15.2% of residual variance explained by date; log-likelihood ratio test, X2 = 0.88, d.f. = 1, p = 0.348). We used the package car (Fox and Weisberg, 2019) to generate diagnostic plots of the residuals, which revealed that residuals were normally distributed and that their variance was similar across all predicted values of the response variable, demonstrating homoscedasticity. We compared models with and without the fixed effects by performing log-likelihood ratio tests, to determine which model best explained the variation in the data. To test whether variation in Teye differed significantly among treatments, we used the package lmerTest. We re-ordered the levels of treatment (conspecific alarm call, robin song, and man shouting) using the relevel command and compared each treatment combination, as each releveled model used a different treatment as the reference. To visualize the mean differences in Teye between playback treatments, we used the package ggplot2 (Wickham, 2016), and added non-parametric bootstrapped 95% confidence intervals for the data for each treatment using mean.cl.boot in the package Hmisc (Harrell, 2014).

To investigate whether gulls’ behavioral responses (scored on an ordinal scale) differed between treatments, we fitted a cumulative link mixed model (CLMM) in the package ordinal (Christensen, 2019). We included playback treatment as a fixed effect, and location and stimulus exemplar ID as random effects. We first included date as a covariate in the model, but it was subsequently removed as it did not significantly improve the model fit to the data (< 0.01% of residual variance explained by date; X2 < 0.01, d.f. = 1, p > 0.999). We were not able to generate diagnostic plots of the residuals since CLMM does not generate residuals. We compared models with and without the fixed effects by performing log-likelihood ratio tests, to determine which model best explained the variation in the data. We used the relevel command and compared each treatment combination. Finally, we used ggplot2 (Wickham, 2016) to visualize the differences in behavioral responses among treatments, and added standard errors using the package plotrix (Lemon, 2006).

To control for any potential case of pseudoreplication, we repeated all analysis but kept only one trial per location that was chosen randomly from trials that had both a physiological and behavioral response recorded. We removed n = 19 trials from the same location (resulting in n = 29) for analyses of the gulls’ physiological response, while we removed n = 52 trials from the same location (resulting in n = 44) for the analyses of the gulls’ behavioral response. We obtained qualitatively similar results, although statistical significance disappeared in some cases, which is likely due to the relatively large reduction in sample size (see Supplementary material).




Results


Do changes in maximum eye-region temperature (Teye) differ among playback treatments?

Maximum eye-region temperature showed an average drop of 2.00 ± 0.69°C (mean ± sd; n = 15) from pre-stimulus levels for gulls exposed to the man shouting, and 2.17 ± 0.76°C (n = 17) for gulls exposed to the herring gull alarm call, but only 1.11 ± 0.74°C (n = 16) for individuals exposed to the robin song. There was a significant effect of auditory treatment on changes in Teye (LMM; interaction term Time x Treatment: X2 = 17.13, d.f. = 2, p < 0.001). Individuals exposed to the man shouting showed a similar drop in Teye compared to individuals exposed to the conspecific alarm call (slope estimate ± se = 0.05 ± 0.28°C, t14 = 0.174, p = 0.864; Figure 2), but this temperature drop was significantly larger than that observed in individuals exposed to the robin song (slope estimate ± se = 0.75 ± 0.28°C, t13 = 2.722, p = 0.018; Figure 2). Similarly, individuals exposed to conspecific alarm calls displayed a significantly larger drop in Teye than individuals exposed to robin song (slope estimate ± se = 0.70 ± 0.28°C, t14 = 2.544, p = 0.023; Figure 2).

Contrary to our prediction, individuals with higher baseline temperature showed a smaller temperature drop than individuals with lower baseline temperatures (LMM; slope estimate ± se = 0.88 ± 0.02°C, X2 = 821.24, d.f. = 1, p < 0.001). Additionally, we found a significant effect of location on temperature changes (52.2% of residual variance explained by location; X2 = 335.96, d.f. = 1, p < 0.001), indicating that gulls from the same location responded more similarly to each other than to gulls from different locations. Finally, stimulus exemplar ID also had a significant effect on temperature change (12.1% of residual variance explained by stimulus exemplar ID; X2 = 60.45, d.f. = 1, p < 0.001).

To assess the robustness of our results, we performed the statistical analysis on the same dataset but without interpolating the temperature measurements, by leaving gaps when no measurement could be extracted from the thermal recordings and not averaging for each second. We obtained similar results to those from our original dataset (see Supplementary Table 3), with the exception of one effect estimate: the larger temperature drop in individuals exposed to the conspecific alarm call compared to those exposed to the robin song was no longer significant (slope estimate ± se = 0.64 ± 0.33, t15 = 1.928, p = 0.079). These variable results might be due to the small sample sizes.



Do gull behavioral responses differ among playback treatments?

We found a significant effect of playback treatment on the behavioral responses of gulls (d.f. = 2, p = 0.002, no X2-value generated for cumulative link models): individuals exposed to the man shouting showed a behavioral response of similar intensity to individuals exposed to the conspecific alarm call (slope estimate ± se = 0.58 ± 0.31 intensity score, z = –1.91, p = 0.056), but a significantly stronger response than individuals exposed to the robin song (slope estimate ± se = –1.26 ± 0.30 intensity score, z = –4.25, p < 0.001; Figure 3). The conspecific alarm call also elicited a stronger behavioral response than the robin song (slope estimate ± se = –0.6786 ± 0.32 intensity score, z = –2.153, p = 0.031; Figure 3). Thus, the man shouting and conspecific alarm call elicited more pronounced antipredator behavioral responses than the robin song.
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FIGURE 3
Intensity of the behavioral responses of herring gulls to the three playback treatments [conspecific alarm call (n = 38) in purple, man shouting (n = 26) in blue, and robin song (n = 32) in yellow]. Each point represents the behavioral response of one gull, jittered to reduce overlap, while the boxplots show the median, upper and lower quartiles and range of values. An intensity of 0 corresponds to no behavioral response of the gull to the playback treatment, while an intensity of 3 or 4 corresponds to a strong behavioral response (i.e., walking or flying away from the pasty). This figure is for illustrative purposes only and does not capture the random effect structure of the statistical analysis.


We found a significant effect of location on the behavioral response of gulls (> 99% of residual variance explained by location; X2 = 4.33, d.f. = 1, p = 0.037), but no significant effect of stimulus exemplar ID (<0.01% of residual variance explained by exemplar ID; X2 < 0.01, d.f. = 1, p = 0.998).



Are gulls’ temperature changes correlated with their behavioral response scores?

The behavioral response score of a gull was significantly and positively associated with its eye-region temperature change (LMM; slope estimate ± se = 0.28 ± 0.05, X2 = 30.51, d.f. = 1, p < 0.001): individuals with more pronounced behavioral responses to the playback treatments showed larger temperature drops (Figure 4). We obtained these results from the LMM of the mean temperature drop in the gull’s eye region in response to the treatments (section “Do changes in maximum eye-region temperature (Teye) differ among playback 362 treatments?”).
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FIGURE 4
Mean temperature drop in the gull’s eye region in response to the playback treatments, as a function of the intensity of the behavioral response, showing the regression line (in red) and the 95% confidence intervals (red ribbon). Each point represents the mean temperature difference from baseline as a function of the behavioral response score for one gull, with its standard errors. Temperature difference from baseline was calculated by subtracting baseline temperature from post-stimulus temperature (Tdiff = Tpost–stimulus – Tbaseline). We selected the largest temperature difference from baseline to represent the amplitude of the temperature drop. Temperature difference from baseline was used for illustrative purposes only and was not included in the analyses.


To confirm the robustness of the correlation, we repeated our statistical analysis on the same dataset but without interpolating the temperature measurements, and obtained similar results to those from our original dataset (Supplementary Table 3).




Discussion

In this study, we quantified the physiological and behavioral responses of foraging wild urban herring gulls to human shouting, by combining infrared thermography with behavioral observations. Consistent with predictions, we found that gulls exposed to the man shouting and conspecific alarm call showed similar drops in eye-region surface temperature, whilst gulls exposed to the robin song showed a minimal temperature drop. In addition, gulls exposed to the man shouting and conspecific alarm call showed vigilance and fleeing responses of similarly high intensity, and these were more pronounced than the behavioral responses of gulls exposed to the robin song. Finally, we found a positive correlation between individuals’ behavioral and physiological responses, such that gulls with more pronounced behavioral responses to the playback treatments displayed larger temperature drops. Our results suggest that the temperature drops observed in gulls responding to the man shouting and conspecific alarm call reflected stressor-induced physiological responses, and that the sound of a man shouting was perceived by the wild urban herring gulls we tested to be as stressful as a conspecific alarm call. This is consistent with previous work that has found that the playback of a human voice reading a book passage elicited the same intensity of antipredator behavioral response as the playback of a conspecific alarm call in nesting herring gulls (MacLean and Bonter, 2013). Taken together, these findings suggest that gulls might find various types of human sound threatening, but future studies need to test this directly by measuring responses to a range of different human sound treatments.

Different people can represent different levels of threat, by having reactions toward gulls ranging from positive to negative (Goumas et al., 2020c). For example, some people may directly feed urban-dwelling animals (e.g., Marion et al., 2008), while others may persecute them (e.g., Harris, 1984). Previous work has demonstrated that wild Australian magpies (Gymnorhina tibicen dorsalis) and captive carrion crows (Corvus corone corone) are able to discriminate between voices of familiar and unfamiliar humans (Wascher et al., 2012; Dutour et al., 2021). Thus, some bird species may discriminate between threatening and non-threatening humans using acoustic cues. Gulls may also be capable of discriminating between human voices, since we observed a significant effect of stimulus exemplar ID on the gulls’ physiological response. This suggests that some human voices were more threatening than others, and that gulls may have perceived and responded to the voice’s nuances differently. However, the design of our study did not allow us to test whether gulls can distinguish threatening from non-threatening humans based on acoustic cues. We also used different recording techniques for our treatments, which might introduce a small experimental confound. Future work should therefore investigate whether gulls show different physiological and behavioral responses to human voices conveying different levels of threat (e.g., aggressive compared with neutral voice tone), or to human voices associated with different past events (e.g., threatening compared with rewarding or neutral events). This would provide valuable insights into the extent to which urban-dwelling animals modulate their responses toward humans depending on the risk they pose.

To our knowledge, our study is the first to use infrared thermography to measure stressor-induced physiological responses of wild, freely moving birds, and to implement this method to understand urban animals’ perception of human auditory cues. Our experimental design consisted of attracting a focal gull to a fake human food item (pasty), which allowed us to control for the context of the human-gull interaction (foraging) and to standardize the distance between gull and thermal camera. However, the gull might have been too excited or scared to approach the pasty, which may have resulted in a physiological response before we started the playback of the sound stimuli (Moe et al., 2012; Travain et al., 2016). This potential lowering of the eye-region surface temperature before exposure to the auditory treatments may have limited further cooling as a response to our playback treatments (Jerem et al., 2015). We attempted to mitigate this effect by waiting for 15 s after the gull’s approach to play the auditory stimulus. This “refractory period” allowed the gull’s eye-region surface-temperature to recover from potential prior physiological responses, as suggested by the upward trajectory of the eye region temperature before the onset of the playback stimulus in Figure 2. We were subsequently able to successfully quantify and distinguish between physiological responses to potentially threatening stimuli (i.e., man shouting and conspecific alarm call) and neutral stimuli (i.e., robin song). Our findings therefore demonstrate that infrared thermography is a promising non-invasive method to quantify stressor-induced physiological responses of wild, freely moving birds in field settings.

Individual gulls’ behavioral and physiological responses were positively correlated, suggesting that they both reflect the activation of the sympathetic-adrenal-medullary (SAM) system (Briese and Cabanac, 1991; Sapolsky, 1992; Sapolsky et al., 2000). The perception of the playback treatments may activate the gull’s SAM system, inducing the production of catecholamines and the mobilization of energy to produce a behavioral response (Sapolsky, 1992). During this response, a sympathetically mediated vasoconstriction redirects the blood from the periphery to the core of the body, causing a temperature drop in the eye region (Briese and Cabanac, 1991; Sapolsky et al., 2000). Previous avian studies using thermal imaging to measure stressor-induced temperature changes performed behavioral observations to validate the surface temperature changes observed (Edgar et al., 2013; Herborn et al., 2015, 2018; Weimer et al., 2020). However, these studies did not assess the individual-level relationship between the intensity of the behavioral response and the magnitude of the physiological response. Thus, our findings highlight the relationship between the stressor-induced temperature changes and the antipredator behavioral response to stressors, and demonstrate that stressor-induced temperature changes in the eye-region are a reliable physiological marker for assessing changes in the state of vigilance in birds.

Playing different stimulus exemplars for each treatment had a significant effect on the gulls’ physiological responses, while it did not have a significant effect on the gulls’ behavioral responses. This indicates that solely measuring the behavioral response of the gulls would have underestimated the effect of stimulus exemplar ID. Furthermore, gulls that showed the strongest behavioral responses (i.e., walking away and/or flying away from the experimental set-up when the playback started) displayed the strongest physiological responses, suggesting that individuals that stayed the longest near the experimental set-up were likely to be individuals that were the least physiologically disturbed by the playback treatments. These findings therefore indicate that behavioral experiments on urban-dwelling animals may be biased toward testing only the boldest individuals and highlight the importance of also measuring the stressor-induced physiological responses to obtain a more representative sample of the study population.

In summary, our results indicate that gulls respond to human shouting in a similar way to how they respond to natural stressors, suggesting that gulls use auditory cues (potentially alongside visual or other cues) to assess risk from humans. Gulls might find human sounds threatening, and having a better understanding of their response to human cues could help developing strategies to prevent negative human-wildlife interactions. Our study also demonstrates that infrared thermography can provide valuable insights into the mechanisms used by urban wildlife while interacting with humans, and advocates for its application to measure stressor-induced physiological changes in wild, freely moving animals. Future research is necessary to understand how wild animals integrate human cues from multiple modalities, and should focus on the acoustic cues that wild animals in urban landscapes use to discriminate between threatening and non-threatening humans. Such work would shed light on how wildlife perceive humans and would contribute to the mitigation of human-wildlife conflict by understanding what cues cause wildlife to interact with, or avoid, humans.
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