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Anthropogenic noise is pervasive across the landscape and can be present at two temporal scales: acute (occurring sporadically and stochastically over the shortest time scales, e.g., milliseconds), and chronic (more persistent than instantaneous and occurring over longer timescales, e.g., minutes, days). Acute and chronic anthropogenic noise may induce a behavioral fear-mediated response in wildlife that is analogous to a prey response to predators. Understanding wildlife responses to anthropogenic noise is especially important in the case of wildlife crossing structures that provide wildlife with access to resources across busy roadways. Focusing on two species common at wildlife crossing structures, mule deer (Odocoileus hemionus) and coyotes (Canis latrans), we addressed the hypotheses that (1) acute traffic noise causes flight behavior; and (2) chronic traffic noise causes changes in a range of behaviors associated with the vigilance–foraging trade-off (vigilance, running, and foraging). We placed camera traps at entrances to ten crossing structures for a period of ∼ 2 months each throughout California, USA. Mule deer and coyotes demonstrated a flight response to acute traffic noise at entrances to crossing structures. Both species demonstrated shifts in behavioral response to chronic traffic noise within and among structures. Coyote behavior was indicative of fear, demonstrating increased vigilance at louder times within crossing structures, and switching from vigilance to running activity at louder crossings. Mule deer responded positively, increasing foraging at both spatial scales, and demonstrating decreased vigilance at louder structures, potentially using crossing structures as a Human Shield. Our results are the first to demonstrate that anthropogenic noise at crossing structures could alter wildlife passage, and that variations in fear response to anthropogenic noise exist across temporal, spatial, and amplitude scales. This dynamic response could alter natural predator-prey interactions and scale up to ecosystem-level consequences such as trophic cascades in areas with roads.
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Introduction

Humans have modified the majority of the Earth’s ecosystems, and occupy approximately 50% of the global surface (Strano et al., 2020). Within these human-dominated ecosystems, human activity can elicit fear responses from wildlife species by altering stress physiology, spatiotemporal habitat use, and behavior (Støen et al., 2015; Hammond et al., 2020). Fear is defined in the present study as a reactive, anti-predator behavioral response to an environmental stimulus (Palmer and Packer, 2021) and fear responses to human disturbance are presumed to be analogous to prey responses to predators (Lima and Bednekoff, 1999; Frid and Dill, 2002). These fear responses may result in modification to predator-prey interactions, and lead to trophic cascading effects, ultimately altering ecosystem structure and function (Kuijper et al., 2016; Schmitz et al., 2018; Zanette and Clinchy, 2019).

Anthropogenic disturbances that trigger behavioral fear responses exist across multiple scales. As such, the spatiotemporal scale that an anthropogenic disturbance occupies may determine the scales of fear responses (Dröge et al., 2017; Moll et al., 2017). For example, heterogenous space use by humans can lead to alterations in the movement decisions and distribution of predators and prey at a fine-scale and across a landscape (Suraci et al., 2019, 2020). Moll et al. (2017) and Prugh et al. (2019) recently noted the urgent need for multi-scale frameworks to disentangle the behavioral impacts of fear across scales, demonstrating that prior work examining fear responses has largely focused at a single scale, and inconsistent use of metrics precludes cross-study comparisons.

One anthropogenic disturbance that varies across spatiotemporal scales is noise pollution. Anthropogenic noise pollution is pervasive across urban and wildland areas, and has been linked to behavioral shifts in migration, communication, prey detection, and predator avoidance among wildlife species (Francis et al., 2012; Buxton et al., 2017; Dominoni et al., 2020). Fear responses from noise pollution are commonly reported, though some species demonstrate habituation over time from repeated exposure (Nedelec et al., 2016; Neo et al., 2018; Walthers and Barber, 2020), and some ungulate and small mammal species use anthropogenic noise as a “Human Shield” to seek shelter from predators (Berger, 2007; Shannon et al., 2014b; Suraci et al., 2019). Anthropogenic noise is measured with a number of different weighting scales, each of which vary the importance of amplitude at different sound frequencies. As species differ in their physiological ability to detect sound at certain frequencies, weighting scales can accommodate these differences. For example, A-weighting (dBA) is broadly used for impacts on humans (McKenna et al., 2016) and wildlife (Shannon et al., 2016b), and C-weighting is often used for humans, birds and amphibian effects (Francis et al., 2009; Broner, 2010; Alloush et al., 2011). Low- and higher-frequency sounds are sometimes used in isolation for certain impacts on vertebrates (Qin et al., 2014; Shannon et al., 2016b).

To examine whether a fear response occurs when animals are exposed to various spatial and temporal scales of anthropogenic noise pollution, we need to consider the multi-scale characteristics of the noise pollution and the behavioral response. Acute, infrequent noise (milliseconds to seconds) could startle the animal (acoustic startle response: Koch and Schnitzler, 1997; Francis and Barber, 2013) and induce an escape response (e.g., fleeing; Guiden et al., 2019). Chronic, continuous noise, over longer time periods (minutes, months, and years) could alter anti-predator behavior such as vigilance (predator surveillance: Bednekoff and Lima, 1998; Creel and Winnie, 2005; Francis and Barber, 2013). A behavioral alteration from chronic noise could be due to wildlife perceiving the disturbance as a threat (risk disturbance hypothesis: Frid and Dill, 2002), the disturbance reducing the capability of auditory surveillance, creating the need to increase visual awareness of predators, or the disturbance differentially inhibiting predators more than prey, resulting in lesser need for vigilance on the part of prey (human shield hypothesis: Berger, 2007).

Understanding fear responses can have beneficial implications for the management of applied conservation projects (Prugh et al., 2019; Gaynor et al., 2020). Crossing structures built under or over highways with the aim to mitigate habitat fragmentation, or that were built for another reason (e.g., accommodate water flow), and that wildlife use for passage, may reduce the barrier effects of roads and road-related mortality (Clevenger and Waltho, 2005; Rytwinski et al., 2016). However, the success of crossing structures in facilitating animal passage across roadways depends on specific aspects of animal behavior in response to roads and the structure, especially the likelihood of approaching and entering the structure. Traffic-induced noise pollution that is acute could trigger an escape response and an aversion to enter into the crossing structure (Quinn et al., 2006; Shannon et al., 2014a; Owen et al., 2017). Chronic noise at a crossing structure could increase an animal’s perception of risk, or mask auditory predator cues, thereby increase visual vigilance and lower time spent feeding or moving (Francis and Barber, 2013). Greater levels of chronic noise at crossings could also induce a shift in movement from walking to running, a strategy wildlife may employ to move through riskier situations more quickly (Ydenberg and Dill, 1986; Fryxell et al., 2014). Understanding fear-based avoidance responses at crossing structures is particularly critical if there are no alternative routes available to connect habitats bisected by roads (Gill et al., 2001).

Many studies have demonstrated the acoustic impacts of road noise on behavioral responses in birds, typically under lab or controlled-field settings (McClure et al., 2013; Meillère et al., 2015; Ware et al., 2015), but less is known regarding fear responses in mammals. The few studies that have been conducted on mammals primarily suggest a fear response; vigilance in prairie dogs increases during exposure to simulated vehicular noise (Shannon et al., 2014a) and avoidance activity of white-tailed deer (Odocoileus virginianus) and prairie dogs increases during motorcycle rallies (Buxton et al., 2020). Alongside roads, vigilance in impalas (Aepyceros melampus) increases, while predation efficiency in the greater mouse-eared bat (Myotis myotis) decreases (Siemers and Schaub, 2011; Mtui, 2014). Given the vulnerability of large, mobile mammals to road mortality and habitat fragmentation (Rytwinski and Fahrig, 2015), mammals are often target species for crossing structures. Understanding the impacts of traffic-related noise pollution on behavioral responses in mammals is of particular importance in designing effective crossings.

Using a multi-scale approach of acute (1 s) to chronic (1-week) noise at the site (crossing) and region (California) levels, we tested whether behavioral responses associated with fear exist for two species, coyotes (Canis latrans) and mule deer (Odocoileus hemionus), at crossing structures exposed to traffic noise. We first tested the hypothesis that acute noise levels affect the utilization of crossing structures, predicting that increased noise will be associated with reduced use of the crossing structure. Secondly, we examined whether noise levels alter anti-predator behavior, predicting that noisier traffic conditions would cause an increase in levels of vigilance and/or running, and a decrease in foraging at two spatial scales: within and among crossing structures.



Materials and methods


Study area

Our study was conducted from November 2018 to November 2019 at 10 crossing structures in California, USA: eight culverts and two bridges under state highways (Figure 1). Three of these structures were purpose-built for wildlife crossing, and seven were built for water movement, human access and were opportunistically used by wildlife. Parameters for structural attributes and local conditions would be expected to control for these different uses. Crossing structures were located across Interstate 5 and U.S. Route 97 in northern California; Interstate 80, Interstate 680, and U.S. Route 50 in central California; and State Route 74 in Southern California. Crossing structures were located under highways consisting of one to three lanes of traffic in each direction, in areas classed as low- or medium-intensity development, evergreen forest, or shrub/scrub (Dewitz, 2019).
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FIGURE 1
Map of California State Highways (black lines) and the location of each crossing structure sampled in this study (circles). Color of each crossing structure represents the level of chronic noise recorded (1-week period).




Camera trapping

Behavior of coyotes and mule deer was assessed from videos obtained using camera traps. We placed six camera traps (Browning Dark Ops Pro) at each crossing structure and set cameras to record high-quality video and audio, triggered by motion and infrared (no-glow). Once triggered, cameras recorded videos for 20 s, with a 5-s delay between triggers. Cameras were equipped with the “smart IR setting,” i.e., videos during the daytime were recorded beyond 20 s if the camera continued to detect wildlife movement. We placed one camera at each of the two entrances of each crossing structure, ca. 5 m (range: 0–10 m) from the entrance, facing inward. We also placed two cameras at each of the two “approach zones” perpendicular to the crossing, the area ca. 50 m from each crossing structure entry from which wildlife approach the crossing (range: 11–84 m). Cameras remained operational at each crossing structure for an average of 45 days (range: 1–106 days). We captured the location of each camera station and the crossing structure entrance via a handheld GPS device (Garmin eTrex 20×) and estimated the Euclidean distance of each camera station to the entrance of the crossing structure via Google Earth Pro (V7.3.3.7786).



Acute and chronic behavioral responses

We extracted activity from each camera trap video that included mule deer and coyotes using the Behavioral Observation Research Interactive Software (BORIS; Friard and Gamba, 2016). To analyze flight and entry responses associated with acute noise, videos from cameras positioned at the crossing structure entrance (ca. 5 m from entrance) were checked for observations in which animals were facing the direction of the crossing structure entryway or walking toward the crossing structure entryway. Within these observations, we scored each time a movement-related decision-making event occurred: (1) Entry, defined as stepping across the concrete edge of the crossing structure entrance; and (2) Flight, defined as an alteration in body direction and movement away from the crossing structure (Figure 2).
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FIGURE 2
Schematic representing the range of spatial and temporal scales of noise sampled at crossing structures: acute noise (1 s before and after the event), chronic noise across observations within each crossing structure (–20 s) and chronic noise across each structure (1 week). For acute and chronic noise, we illustrate the behavioral responses of mule deer and coyote that were observed.


To examine behaviors associated with chronic noise, we also scored activity of individual mule deer and coyotes for all videos from all cameras, including the videos analyzed for fight or entry responses. We focused on three categories of behavior associated with fear: (1) vigilance, defined as an individual standing or sitting upright, (2) running, defined as any movement faster than a walk, and (3) foraging, defined as feeding or drinking (Figure 2 and Supplementary Figure 1). For each of these behaviors, we assigned a start and stop time within each video and calculated time as a proportion of total time the individual was present in the video. The BORIS enabled classification of multiple behaviors recorded simultaneously. To distinguish between individuals within one video, we assigned each conspecific a unique identification based on order of appearance or distance from the camera. To avoid differential periods of exposure to a camera and to ensure observations were independent, video clips longer than 20 s were trimmed, and observations were filtered to include a minimum time interval of 5 min between observations. For each video, we documented whether the video was taken in day (color) or night (black and white) mode, the temperature listed for each video collected by the camera’s internal thermometer, and the maximum group size observed. We recorded the number of humans that passed through every video and quantified the frequency of daily visits by humans for each camera station (0–12/day). Research technicians who classified observations initially received extensive training in the recognition of behaviors across species and data capture using BORIS software.



Noise indices

We considered anthropogenic noise at multiple temporal and spatial scales. We quantified acute traffic-related noise (1 s) during each decision-making event occurring at the entrance of a crossing structure. We quantified chronic traffic-related noise for the duration of wildlife presence at a crossing structure across two spatial scales: (1) in each video (−20 s), representing variation within a crossing structure and (2) at each crossing structure (1 week), representing variation among crossing structures.


Acute noise

Audio waveform data recorded by the camera trap during each video were exported using BORIS software. Using the R function “cut_sels” (warbleR; Araya-Salas and Smith-Vidaurre, 2017) we cut selections of each audio file for a 1-s period before and after each decision-making event (flight or entry). For each cut audio file, we then produced an amplitude envelope of the waveform signal derived from the Hilbert transform using the “env” function (seewave; Sueur et al., 2020). Using this envelope, we then extracted the relative maximum amplitude for each 2-s audio file, representing acute noise.



Chronic noise

We quantified the chronic traffic-induced noise levels two ways. First, we extracted the relative median amplitude for each −20-s audio file that pertained to the start and stop time that we observed an individual animal in each video, using the same method as above. Second, we sampled sound pressure levels at each crossing structure, during July–November 2019 for a 7-day period after removal of camera traps (Figure 2). We used TENMA 72-947 and PCE-322 sound pressure meters, which detect in the 30–130 dB range and were set at the slow setting. We placed two sound meters at the entrance of one side of the crossing structure facing inward on a tripod 0.5 m above the ground. Sound pressure levels were measured in 59-s increments in decibels, with one meter set to a C-weighted filter (dBC), and the other set to an A-weighted filter (dBA). For each crossing structure, we then extracted L50 (median noise) measures. As a C-weighted filter more accurately depicts low-frequency noise commonly associated with traffic noise and owing to an equipment failure of the A-weighted sound meter at one crossing structure, hereafter we report findings for dBC, and provide comparative L50 dBA measure in the (Supplementary Tables 1, 3).




Statistical analysis

We analyzed the effects of acute noise on decision-making at the entrance of the crossing structure (entry or flight response), and chronic noise on behavior (proportion of time being vigilant, running, or foraging).


Acute behavioral response: Flight and entry

To examine the impact of acute noise on whether coyote and mule deer entered or fled from the crossing structure entrance, we employed a hierarchical generalized linear (glm) model using the “glm” function in R. Crossing structure and camera unit were specified as random effects, and a binomial distribution was selected based on the binary structure of the response variable (enter or flee). We included additional environmental and structural predictors for each observation that may also affect behavior: group size, time of day (binary; day/night), temperature recorded on each video for each camera, rate of human daily visitations, distance to crossing structure, and openness ratio of each crossing structure [(Crossing height × Crossing width)/Crossing length]. We performed step-wise removal of non-significant variables, and selected the best fit model based on the lowest AIC score.



Chronic behavioral response: Activity budgets

To test for the behavioral impacts of chronic noise within- and across crossing structures, we again employed hierarchical glm analyses for proportion of time: (1) coyotes spent being vigilant and running and (2) mule deer spent being vigilant, running and foraging, using crossing structure and camera as random effects. As we recorded no foraging by coyotes, a model for coyote foraging was not employed. Due to the data type of the behavioral categories being proportional and to account for overdispersion in the data, we used a quasibinomial distribution. We examined the effect of the same predictors as the acute model above, as well as season and dominant land cover category within a 100 m radius of the crossing structure opening to reflect the broader spatiotemporal structure of the data (Dewitz, 2019). To parse out the within-structure and between-structure effects of chronic noise, we used within-group centering (van de Pol and Wright, 2009). This statistical technique accounts for the interdependency between the two levels of spatially aggregated data by centering (subtracting the mean of among-structure noise) and scaling (dividing centered numbers by standard deviation of among-structure noise) each camera-level measurement of noise (“scale” function).

We checked for model robustness by comparing all models to the respective base model using an ANOVA and plotting the Pearson’s residuals. All analyses were carried out in RStudio (R v. 3.6.1; RStudio Team, 2015).





Results


Acute behavioral response: Flight and entry

For mule deer, we observed 192 decision-making events at 16 cameras and 8 structures. A total of 35 (18%) of the events resulted in a flight response and 157 (82%) resulted in an entry (Supplementary Table 2). For coyotes, we observed 50 decision-making events at 11 cameras and 4 structures, nine (18%) of which resulted in a flight response and 41 (82%) resulted in an entry. For both mule deer and coyote, flight responses were more likely to occur as levels of acute noise increased (deer p ≤ 0.001, SE = 0.23; coyote p = 0.018, SE = 0.52; Table 1 and Figure 3). The best fit model also demonstrated that mule deer were more likely to enter underpasses with a smaller openness ratio (p = 0.001, SE = 0.58; range = 0.2–40.9), and coyotes were more likely to enter underpasses during warmer temperatures (p = 0.016, SE = 0.05). For model AIC and coefficient estimates, see Supplementary Table 3.


TABLE 1    A summary of the continuous response variables examined and their effects on coyote and mule deer flight response, vigilance, foraging, and running (mule deer only) behavior.
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FIGURE 3
Landscape of fear response: Likelihood of (A) coyotes and (B) deer entering the crossing structure (1 = enter, 0 = repel) in response to acute noise (±1 s) at time of decision-making event.




Chronic behavioral response: Activity budgets

We collected a total of 3 h and 44 min of mule deer observations (n = 1,346) from 28 cameras at 10 structures. In the absence of a minimum 5-min time gap between observations, mule deer foraging increased during greater levels of within-structure noise. However, with a time gap (5 min) to increase independence of observations, we found that vigilance, foraging, and running behavior were not altered during greater levels of within-structure noise. For both sets of analyses, greater levels of among-structure noise demonstrated an increase in mule deer foraging (p < 0.001, SE = 0.02; Figure 4), coupled with a decrease in vigilance (p < 0.001, SE = 0.04; Figure 4).
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FIGURE 4
Proportion of time mule deer spent being (A) vigilant and (B) foraging at crossing structures with differing chronic (1 week) noise levels (black dotes). To capture the estimated effect of chronic noise independent of other covariates, the line of best fit was generated using a predictive model.


We collected 20 min of coyote observations (n = 243) from 21 cameras at 8 structures. In the absence of a 5-min time gap between observations, vigilance increased at louder levels of within-structure noise, however, this relationship became non-significant with the addition of a 5-min gap between observations. In response to greater levels of among-structure noise, coyote demonstrated a different response to mule deer; vigilance decreased (p = 0.005, SE = 0.04; Figure 5), and running increased (p < 0.001, SE = 0.14; Figure 5). Other covariates and their associated effect on vigilance, running, and foraging are summarized in Table 1 and Supplementary Table 4.
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FIGURE 5
Proportion of time coyotes spent being (A) vigilant and (B) running at crossing structures with differing chronic (1 week) noise levels (black dots). To capture the estimated effect of chronic noise independent of other covariates, the line of best fit was generated using a predictive model.





Discussion


Acute fear responses

We found support for our hypothesis that acute noise from vehicles invokes a flight response (Figure 3). Our results provide additional support to prior findings that a fear response can be induced by sudden increases in noise associated with transportation. We found that at crossing structures where coyotes and mule deer were exposed to higher levels of acute noise from vehicles, both species were more likely to initiate a flight response than they were to use the crossing. Hermit crabs (Pagurus bernhardus) (Walsh et al., 2017; Tidau and Briffa, 2019), fish (Voellmy et al., 2014), black-tailed prairie dogs (Cynomys ludovicianus) (Shannon et al., 2016a), mule deer and mountain sheep (Ovis canadensis) (Weisenberger et al., 1996) have similarly demonstrated startle responses from acute noise, leading to increased physiological stress. Through invoking a flight rather than a crossing-entry response, acute noise pollution resulted in suboptimal behavior (Sih, 2013) for coyote and mule deer; a result that impairs connectivity across roads with potential effects on genetic exchange and access to resources (van der Ree et al., 2009). If other wildlife species experienced similar responses, the consequence would be impaired effectiveness of wildlife crossing structures as mitigation for connectivity losses.



Chronic noise

For coyotes, we detected a switch from vigilance to running at louder crossing structures (Table 1 and Figure 5). These behavioral changes are in accordance with the risk disturbance hypothesis, which posits that alterations to anti-predator behavior are due to wildlife perceiving the disturbance as a threat, and suggest that acute and chronic traffic noise can alter the “Landscape of Fear” in predators (Laundré et al., 2001). Our findings are supported by previous work that has demonstrated exposure to transportation noise can cause decreased foraging for a number of terrestrial mammals (Shannon et al., 2014b; Smith et al., 2017), marine mammals (Blair et al., 2016; Wisniewska et al., 2018), and other taxa (Wale et al., 2013; Castaneda et al., 2020). Though higher levels of chronic noise elicited a behavioral fear response in coyotes, for mule deer, chronic noise among structures elicited reduced anti-predator behavior, suggestive of a Human Shield effect (Table 1). Hence, wildlife responses to noise pollution can vary according to sound levels, temporal scale of sound, and according to species.

Our finding that increased foraging and lowered vigilance by mule deer coincided with higher levels of chronic noise among structures (Figure 4) suggests that zones of greater traffic noise may provide a refuge from predation, consistent with the Human Shield hypothesis (Berger, 2007). Ungulates have displayed similar increases in foraging in response to anthropogenic stressors within U.S. National Parks (Berger, 2007; Brown et al., 2012; Shannon et al., 2014b). Predators of mule deer have been shown to display strong fear responses to noise pollution (Smith et al., 2017). Large-bodied carnivores may also be particularly deterred from areas of high anthropogenic noise due to the low-frequency energy overlapping strongly with the frequencies in which carnivores communicate, or because of an inability to detect prey as a result of cue masking (Warren et al., 2006; Cardoso et al., 2018). Therefore, predation risk could be lower for ungulates during periods of higher noise pollution. However, in the case of roads and traffic, ungulates using the Human Shield to avoid predators may still suffer higher rates of mortality from collisions with vehicles.

Another explanation for mule deer behavior can be taken from the risk allocation hypothesis (Lima and Bednekoff, 1999), which states that wildlife exposed to long-term, continuous threats are unable to sustain anti-predatory behavior, and that anti-predator responses are used only when exposed to unpredictable, infrequent stimuli. Though we did document a fear response in mule deer to acute traffic noise, and no effect of noise when comparing behavioral events within a single crossing structure, under the risk allocation hypothesis, we would expect mule deer to exhibit no difference in anti-predator behavioral responses when exposed to chronic noise across structures. Rather, we detected a decrease in vigilance coupled with an increase in foraging of mule deer, rendering the risk allocation hypothesis a somewhat unlikely explanation for our findings.



Consequences across spatial and temporal scale

Our results indicate a differential effect of noise pollution across temporal (acute vs. chronic noise) scales for deer, and a differential effect of noise pollution across spatial (within-structure vs. among-structure) scales for both species. Previous studies have recommended examining responses to fear across multiple spatiotemporal scales to capture variation in response (Creel and Christianson, 2008; Moll et al., 2017; Prugh et al., 2019). Here, in sampling vehicular noise across different spatial and temporal dimensions, we were able to identify the mechanisms driving behavioral responses that occur across the temporal spectrum of noise. Findings for mule deer demonstrate that fear and Human Shield effects are not mutually exclusive, and that prey species concurrently assess risk at various temporal scales. Employing a hierarchical modeling framework, we also identified that species-level behavioral responses differ across spatial scales when examining chronic noise. Much of our current knowledge surrounding the relation of risk perception and behavior to spatiotemporal scale is based upon herbivore-carnivore interactions. For example patch- and landscape-level fear occur in red deer (Cervus elaphus) when inhabiting wolf territories in Poland, and African ungulates increase vigilance during times of concurrent short-term and long-term risk from predation (Kuijper et al., 2015; Dröge et al., 2017). Here we add to the ecology of fear literature and demonstrate anthropogenic stressors also mediate fear responses of wildlife across multiple temporo-spatial scales.



Additional factors impacting behavior

Our primary goal was to assess the effect of anthropogenic noise on behaviors of mammals at highway crossing structures; however, we also examined several covariates which could alter the behavioral response (Table 1 and Supplementary Tables 3, 4). First, regardless of noise condition, for mule deer in larger groups we detected a lower likelihood of a flight response at the crossing structure. This trade-off between flight response and group size at crossing structures is likely due to individuals requiring less time to scan for predators (many eyes hypothesis) in larger groups, and individuals benefiting from a lowered predation risk through dilution effects (Roberts, 1996). As an example, vigilance of California ground squirrels (Otospermophilus beecheyi) only increased when small groups, but not large groups, were exposed to loud playbacks of natural sounds (e.g., rivers) (Le et al., 2019). The proportion of time mule deer spent running also increased when in larger groups, though this may be due to juveniles playfully interacting with one another.

Second, as expected, a greater number of humans present at the crossing structure caused a decrease in deer foraging and an increase in running, particularly during the daytime. This supports previous findings demonstrating that wildlife fear human presence generally, though differentially in scale (human shield effect) and will often shift to more nocturnal activity as a way to avoid humans (Stankowich, 2008; Ciuti et al., 2012; Gaynor et al., 2018). Coyotes also demonstrated less running activity during nocturnal hours, which could be associated with exposure to artificial light from headlights and streetlamps at crossing structures. For example, mule deer use brightly lit urban areas as a human shield (Ditmer et al., 2021). Future research should include experimental playbacks of anthropogenic sound to disentangle the relationship between noise and visual disturbances.

Third, coyote running decreased and mule deer vigilance increased at camera stations closer to the crossing structure, which is indicative of a switch to individuals assessing whether to enter the structure. At camera stations farther away from the crossing structure, mule deer foraging increased. In addition, during warmer summer months, mule deer foraging increased while vigilance decreased. These behavioral shifts are likely due to higher densities of vegetation during warmer seasons and in areas farther from the concrete crossing structure. In contrast, coyote vigilance increased during warmer temperatures, potentially due to greater activity of their predators. For example, black bears (Ursus americanus) are only a predation risk for coyotes during the spring and summer months when they are not hibernating (Rogers, 1992).

Fourth, mule deer increased vigilance and lowered foraging time at crossing structures associated with greater levels of traffic volume and evergreen forest (dominant NLCD category within 100 m buffer of the crossing). It is likely that deer perceive more forested habitats, often synonymous with dark edges, and highly trafficked areas, often synonymous with greater lanes of traffic and higher speeds, to be more risky (Altendorf et al., 2001; Blackwell et al., 2014; Knopff et al., 2014; Ditmer et al., 2021).

Finally, mule deer behavior was affected by the openness ratio of the crossing structure—for more open crossings, deer were less vigilant, but also less likely to forage, more likely to run and more likely to flee away from the entrance. Previous studies have typically observed a higher propensity for deer to use structures with adequate visibility and larger openness ratios (Clevenger and Waltho, 2005; Bissonette and Rosa, 2012). The structures in California (present study) potentially had greater associated traffic volumes than the studies in Clevenger and Waltho (2005) and Bissonette and Rosa (2012), which were in the Rockies. This could contribute to differences between the present study and previous published studies. Our finding could also be driven by certain unmeasured characteristics of the structure or surrounding landscape, and future studies should go beyond measuring the openness ratio and include measures such as brightness within the structure to tease this effect apart.

Though we filtered the dataset to include a minimum time interval of 5 min between observations, and identified unique individuals within each video, we did not monitor behavior at the individual level across the entire study. To determine the impact that behavioral alterations can have on individual fitness, and whether unsuccessful crossings have a population-level impact, future research should examine whether flight is the consistent response of certain individuals, or a proportion of decisions made by all individuals. Individuals could be monitored through GPS telemetry data or software that enables individual recognition from data collected by camera traps. Monitoring individual responses could also shed light on whether fear responses are characteristic of certain personalities. For instance, Eastcott et al. (2020) found among-individual behavioral differences in vigilance behavior of dwarf mongoose to playbacks of traffic noise.

Road networks are expanding globally, with the addition of 25 million km predicted by 2,050 (Dulac, 2013; Laurance et al., 2014). With this expansion comes increased interactions between wildlife and humans. Our work demonstrates that a fear response of wildlife to anthropogenic noise stressors at wildlife crossing structures is likely to differ depending on temporal scale, species, and characteristics of the stressor. This dynamic, behavioral response to noise pollution could alter predator-prey interactions, which can scale up to ecosystem-level consequences such as trophic cascades (Smith et al., 2017; Gaynor et al., 2019; Zanette and Clinchy, 2019). Furthermore, crossing structures are proposed as the primary conservation response to road impacts to wildlife. Ineffective crossing structures, as measured by wildlife use, could result in changes in wildlife species distributions and resource availability and use, which could degrade species interactions and ecosystem health. For example, differential responses of large, common ungulates (e.g., mule deer) and their predators (e.g., mountain lions, coyotes) could lead to spatial variation in grazing and browsing intensity based on prey and predators’ responses to traffic conditions, which could lead in turn to landscape-scale changes in plant communities and wildfires. To ensure a landscape of coexistence, additional research is needed to understand what anthropogenic stressors drive fear responses in wildlife and how spatiotemporal scale plays a role. Our work suggests that to ensure the viability of wildlife crossing structures, vehicular noise pollution should be considered during the design phase of these structures.
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