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Seabirds are amongst the most mobile of all animal species and spend large amounts of their lives at sea. They cross vast areas of ocean that appear superficially featureless, and our understanding of the mechanisms that they use for navigation remains incomplete, especially in terms of available cues. In particular, several large-scale navigational tasks, such as homing across thousands of kilometers to breeding sites, are not fully explained by visual, olfactory or magnetic stimuli. Low-frequency inaudible sound, i.e., infrasound, is ubiquitous in the marine environment. The spatio-temporal consistency of some components of the infrasonic wavefield, and the sensitivity of certain bird species to infrasonic stimuli, suggests that infrasound may provide additional cues for seabirds to navigate, but this remains untested. Here, we propose a framework to explore the importance of infrasound for navigation. We present key concepts regarding the physics of infrasound and review the physiological mechanisms through which infrasound may be detected and used. Next, we propose three hypotheses detailing how seabirds could use information provided by different infrasound sources for navigation as an acoustic beacon, landmark, or gradient. Finally, we reflect on strengths and limitations of our proposed hypotheses, and discuss several directions for future work. In particular, we suggest that hypotheses may be best tested by combining conceptual models of navigation with empirical data on seabird movements and in-situ infrasound measurements.
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INTRODUCTION

Birds conduct some of the longest migrations in the animal kingdom (e.g., Croxall et al., 2005; Egevang et al., 2010), and are considered model organisms for the study of animal navigation (Wallraff, 2005; Guilford et al., 2011). Navigation is a complex multi-sensory behavioural task and the importance of visual, olfactory and magnetic senses for birds is long-established (Wiltschko and Wiltschko, 2003; Lohmann et al., 2008; Nevitt, 2008; Mouritsen, 2018). Many seabird species spend the majority of their lives navigating the oceans and are known to rely heavily on visual and olfactory cues. Albatrosses and petrels (Procellariiformes) in particular have a highly developed sense of smell, with among the largest olfactory bulbs of any bird species (Bang, 1966; Corfield et al., 2015). When their sense of smell is experimentally impaired, seabirds not only take longer to home (Pollonara et al., 2015), but follow coastlines to a greater degree, emphasising that visual cues become more important when olfactory cues are unavailable (Pollonara et al., 2015; Padget et al., 2017). While recent work has also shown that seabirds can use a time-compensated sun compass (Padget et al., 2018), a reliance on vision, celestial cues or an olfactory map are unlikely to fully explain the ability of some seabirds to navigate under all conditions, including homing to the breeding colony from thousands of km away, over visually featureless terrain and regardless of variation in wind which influences odor plume dynamics (Nevitt et al., 2008). As such, there are gaps in our understanding of navigation (Alerstam, 2006), where commonly studied cues may be absent or not sufficiently informative (Bonadonna et al., 2003).

Many animals, including birds, in both marine and terrestrial environments, can use geomagnetic information for navigation (e.g., homing pigeons Columba livia, green turtles Chelonia mydas, sockeye salmon Oncorhynchus nerka; Dennis et al., 2007; Benhamou et al., 2011; Putman et al., 2013). Seabirds may also rely on a magnetic compass, i.e., to get directional information from the geomagnetic field. There was, however, no convincing evidence from studies that birds, including seabirds, extracted locational information from the geomagnetic field (Benhamou et al., 2003; Bonadonna et al., 2005), until a recent study suggested that juveniles use such information when returning to the colony for the first time (Wynn et al., 2020). The magnetic cues may provide locational information at intermediate scales (tens of kilometers) because the magnetic sensory resolution is probably too low to enable an animal to perform small-scale navigation. Equally, the geomagnetic anomalies crossed at large scale may lead birds to misinterpret their current location, and to be trapped in wrong places characterised by the same geomagnetic signature as its goal (Benhamou et al., 2011). Furthermore, the use of the Earth’s geomagnetic field as a bi-coordinate map may be limited in some regions (Åkesson and Alerstam, 1998). Hence, although an ability to use magnetism is intuitively the most likely of the candidate sensory mechanisms, studies have thus far failed to prove its role in explaining the impressive long-distance navigational capabilities of seabirds, despite attempts to interrupt magnetic navigation in homing experiments (Gagliardo et al., 2013; Pollonara et al., 2015).

Another potential source of sensory information that has received less attention is sound, despite its prevalence in the environment and the sophisticated hearing of birds (Theunissen and Shaevitz, 2006). In particular, infrasound (i.e., low-frequency inaudible sound) is a key feature of the earth-ocean-atmosphere system that can propagate over extremely long ranges (of the order of thousands of kilometers). Empirical work has found evidence that homing pigeons can perceive infrasound at frequencies as low as 0.05 Hz (Kreithen and Quine, 1979), suggesting they could respond to infrasound as an environment-borne stimulus (Hagstrum, 2000, 2013, 2019). Long-distance avoidance of meteorological events by birds might also be explained by their ability to detect, and respond navigationally, to infrasound (e.g., Streby et al., 2015). While soundscape ecology has become a well-established field (Farina, 2014), the idea of infrasound use for navigation remains controversial (e.g., Wallraff, 2014; Lisovski et al., 2018), as little is known about infrasound detection mechanisms in birds (Zeyl et al., 2020), and what information infrasound would provide as a navigational cue.

Here, we integrate knowledge and ideas from several research fields to provide a framework for investigating the potential use of infrasound for navigation of seabirds (and birds more generally) in the aerial marine environment. We briefly review the physics of infrasound, including sources, propagation dynamics and detection, and then review the known infrasonic auditory capabilities of birds. We evaluate the potential for birds to use infrasound cues as beacons, landmarks, or gradients for navigation tasks and propose future directions to advance this field.



ATMOSPHERIC INFRASOUND IN THE MARINE ENVIRONMENT

Sound waves in air can be represented as elastic waves that temporarily bring air particles locally in motion while propagating at approximately 334 m/s at mean sea level temperature (∼15 °C). As a sound wave passes by, air particles oscillate from side to side around their resting positions and alternate between being compressed or rarefied (i.e., thinned out; Figure 1A). Acoustic energy consists of a continuous alteration of potential energy, akin to when a pendulum is lifted and air particles are compressed, and kinetic energy which is associated with the pendulum movement itself and particle motion (Pain, 2006; Pierce, 2019).
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FIGURE 1. Infrasonic wave-field parameters. (A) Depiction of an acoustic wave (black dots) as alternating compressions and rarefactions, leading to perturbations in particle velocity (red) and pressure (blue). (B) The decrease and partitioning of acoustic energy with range and transition from near- to far-field for a spherical sound wave at 0.2 Hz. The total acoustic energy (dashed black) is composed of potential (blue) and kinetic (red) energy, related to pressure and particle motion, respectively. While kinetic energy dominates in the near-field, both forms are in equilibrium in the far-field. (C) Schematic representation of pressure spectra due to coherent infrasound (shaded orange) and wind noise (blue); the orange shaded area between the dashed lines represent average background quantities, while the solid line represents a random snapshot with three spectral speaks. Acoustic signal detection is possible if wind noise levels are below the acoustic signal power, i.e., when the dashed blue line is below the solid orange line, which depends on the source power as well as the wind speed.


The sound frequency represents the number of these oscillations per second and a Power Spectral Density (PSD) quantifies how the signal power varies with frequency. The computation of the PSD involves a Fourier transform. The wavelength is defined as the distance between two crests or zero crossings (e.g., Figure 1A). The relationship between the frequency f, wavelength λ and speed of sound c is given as λf = c.

The acoustic field at any location is fully described by the perturbations in pressure p (sound pressure; unit pascal or Pa) and particle speed [image: image] (unit m/s) as a function of frequency (unit Hertz or Hz). The sound pressure level (SPL) in air is commonly expressed in decibel (dB), relative to the reference value of p0 = 20μPa and is computed as
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Particle velocity defines the propagation direction of a passing sound wave and is proportional to the spatial gradient of the acoustic pressure. The sound intensity [image: image] quantifies the acoustic power and directivity and is calculated as the product of sound pressure and particle velocity, i.e., [image: image] (Pierce, 2019). Sound intensity is a vector that points away from the sound source. To determine the direction to the sound source in the free-field, multiple pressure sensors must be positioned in an array (den Ouden et al., 2020) or alternatively, particle motion sensors can be utilised to directly measure acoustic particle motion direction, although with 180° ambiguity.

The intensity of the signal decreases with distance from the source, with most rapid decrease in the near-field (Figure 1B). The total sound energy density is computed as the sum of both acoustic kinetic and potential energy densities (note the logarithmic scale in Figure 1B). Note that while the kinetic energy dominates in the near-field, both are at equilibrium in the far-field.

The frequency range of atmospheric infrasound is typically defined between 3.3 mHz and 20 Hz. Infrasonic waves with frequencies below 3.3 mHz do not fit within the Earth’s atmosphere. Above 20 Hz, sound becomes audible to humans.

Infrasound can be produced across various frequency bands (Figure 1C), by displacements of large volumes of air, either from geophysical or anthropogenic sources. We provide an overview of infrasound source types in Supplementary Material Appendix 1 (adapted from Campus and Christie, 2010). Two main signal types are defined: (1) transient signals are considered to have a finite, short-term duration, in contrast to (2) continuous signals. In practice, signals may also share characteristics from both signal types.

In the marine environment, several infrasonic sources have been identified. Standing ocean waves produce a near-continuous hum in a broad frequency range as microbaroms (0.1–1.0 Hz), both in the open sea and near coastlines (den Ouden et al., 2020). The interaction of the ocean waves produces pressure waves that reverberate within the ocean and radiate into the atmosphere and solid earth. Microbarom source regions in the ocean can be quasi-stationary as well as transitory (e.g., when associated with marine storms). Surf can also be observed near coastlines at higher frequencies, typically above 1.0 Hz (Park et al., 2008). Transient sources of infrasound that are routinely detected in the marine environment include severe weather, earthquakes, meteor explosions and volcanic eruptions. Notably, infrasound can radiate from sources underwater as sound passes readily between air and water at low frequencies (Evers et al., 2014). Figure 2 shows an illustration of the infrasonic wavefield at sea.
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FIGURE 2. A schematic representation of the marine infrasonic wavefield. The ocean produces continuous acoustic background noise (i.e., microbaroms and surf; depicted in blue). Microbaroms can propagate over long distances downwind (i.e., from east to west) in the stratospheric waveguide. In the upwind direction, microbaroms are not guided and propagate toward space. The wind direction changes seasonally. Surf infrasound is generated near coastlines and does not propagate over long distances. Transient acoustic signals (red) also occur in the marine environment, e.g., following an underwater earthquake. These vibrations can couple into the atmosphere. Besides the acoustic signals, the wavefield also consists of turbulence, which may mask signals of interest. Array processing techniques can be used to detect coherent acoustic waves in a turbulent atmosphere.


In the study of infrasoundscapes (den Ouden et al., 2021b), various factors must be considered. The infrasonic wavefield is complex and is composed of diverse source contributions (Campus and Christie, 2010). The atmospheric environment plays an important role in detection (also see Figure 2):


(1)The wind and temperature distribution throughout the atmosphere determine along which paths infrasonic waves can propagate (Waxler and Assink, 2019) as well as the absorption along the propagation path (Sutherland and Bass, 2004).

(2)Wind conditions near infrasound sensors determine local turbulence levels that are detected as (non-acoustic) pressure variations, along with infrasound (Raspet et al., 2019).



The observations on the global infrasound array network (Marty, 2019) have advanced knowledge of infrasound sources, atmospheric infrasound propagation and the effects of turbulence on detection. The global infrasound network is part of the International Monitoring System (IMS), which is being installed for the verification of the Comprehensive Nuclear-Test-Ban Treaty. Since the certification of the first array in 2001, 54 out of the eventual 60 arrays have been installed. The IMS infrasound arrays are distributed rather uniformly over the globe.

Earlier studies have shown that the infrasound detection statistics vary significantly between IMS arrays (Matoza et al., 2013; Assink et al., 2014; Ceranna et al., 2019). Each array has its own characteristic background noise with specific infrasonic sources that are routinely detected (see Supplementary Material Appendix 4). Microbarom signals tend to be present at most infrasound arrays, in particular when arrays are situated near the ocean. While some of the observed infrasound originates more locally to the array, other signals originate from much further away: propagation can occur over thousands of kilometres and can even be global for exceptionally powerful signals, such as the 2013 Chelyabinsk meteor airburst (Brown et al., 2013).

Besides differences, observed pressure spectra also show commonalities, both in terms of infrasonic content as well as pressure due to wind noise. Figure 1C shows schematic PSDs. The shaded orange area, between the dashed lines, represent average acoustic background noise levels (Matoza et al., 2013). The solid orange line represents a snapshot for a shorter time-period. During the period three source contributions are highlighted as spectral peaks. The (non-acoustic) wind noise levels are described by a turbulence spectrum (Raspet et al., 2019), which depends on the wind speed. The acoustic signals can be detected if the wind noise levels (dashed blue lines) are below the acoustic signal power (orange line). The signal strength depends on the acoustic source strength and the transmission loss that a signal experiences propagating from source to receiver.

Propagation losses are determined by geometrical spreading, i.e., the increase in area the sound wave covers (Figure 1B), and intrinsic absorption. Because the acoustic absorption strongly increases with frequency, it follows that signals with higher frequency content tend to originate from shorter ranges. Conversely, lower frequencies can originate from much larger distances. The absorption coefficients are dependent on the temperature and air composition, including humidity near the surface (Sutherland and Bass, 2004).

Up to distances of a few kilometres, it can be assumed that the atmospheric environment is homogeneous, implying that infrasound propagates along straight paths. More generally, the atmosphere is an inhomogeneous medium that is predominantly vertically layered. Within the atmosphere, infrasound is refracted by gradients in temperature and wind and can efficiently propagate downwind in waveguides that form between the Earth surface and the atmosphere aloft (Figure 2). Large-scale wind currents around the tropopause (the jet stream around 10–15 km) and stratopause (the circumpolar vortex around 50 km), form the upper limits of the tropospheric and stratospheric waveguides, respectively. The characteristic waveguide propagation paths arise because vertical temperature and wind gradients within waveguides are such that upward refracted sound waves are bent back down to a reflective Earth surface (Figure 2). In the upwind direction, propagation efficiency is less and therefore infrasound propagation is highly anisotropic (Waxler and Assink, 2019).

The seasonal reversal of the circumpolar vortex, combined with enhanced downwind propagation efficiency, leads to seasonal variations in long-range infrasound propagation conditions that affect the observations. The dynamics of these winds strongly varies with latitude and are intimately connected to the global atmospheric circulation (Smets, 2018). From the perspective of a bird flying over the ocean, this could imply that a bird located downwind of a sound source would experience higher levels of sound, while a bird located upwind would sense lower sound levels.



CAN INFRASOUND BE DETECTED BY BIRDS?

Despite the vast diversity of birds (>9,000 species), we only know the hearing capabilities of <50 species (Dooling et al., 2000; Gleich and Langemann, 2011). Among bird species whose hearing has been tested, only five species have been measured in the low frequency range using electrophysiological or behavioural approaches, with four out of five species demonstrating hearing ability below 20 Hz, i.e., in the infrasound range (Kreithen and Quine, 1979; Theurich et al., 1984; Hill et al., 2014; Heffner et al., 2020). Hearing thresholds below 20 Hz are generally greater than 50 dB relative to 20 μPa sound level pressure (SPL), and increase toward lower frequencies, although this varies across species (see Figure 1 in Zeyl et al., 2020). The more sensitive species tested such as the domestic chicken Gallus gallus have infrasonic hearing thresholds comparable to those recorded for Indian elephants Elephas maximus (Zeyl et al., 2020). Thus, there is evidence that some birds can hear infrasound, but due to the low taxonomic coverage, whether this ability is more widespread remains unknown. Furthermore, distinguishing responses of birds to acoustic as opposed to non-acoustic perturbations can be challenging (Zeyl et al., 2020), and there are currently no empirical data on potential infrasonic hearing sensitivity in any seabird species.

The degree to which infrasound could provide useful navigational information to birds depends not only on their ability to perceive it, but critically on the acuity with which birds can resolve small differences in amplitude and frequency that allow for sound localization. Unfortunately, current knowledge of the hearing mechanisms at infrasonic frequencies is limited. Multiple hearing pathways and receptor organs could be involved in the perception of infrasound, reaching the inner ear either through the middle ear, or through extra-tympanic pathways that rely on body or head vibrations. In addition to the auditory inner ear receptors, vestibular receptors could be involved (Zeyl et al., 2020). The auditory system of birds encodes changes in infrasound frequency better than amplitude (Warchol and Dallos, 1989; Schermuly and Klinke, 1990). Behavioural sound localisation thresholds in the infrasonic range have not been determined in any bird.

We propose three potential mechanisms by which birds could detect infrasound direction. First, as an organ sensitive to acoustic pressure (a scalar quantity), the avian middle and inner ear do not inherently encode direction relative to the bird. However, sound direction could be estimated by comparing sound received across two sensors to infer interaural time and level differences (Klump, 2000). As the wavelengths of infrasound are much larger than the distance between the ears, there should be minimal differences in the amplitude and phase of the cycle as the sound travels from one ear to the other. Interaural differences could be extended by a coupling of the middle ears by cranial air spaces or interaural canals, acting as pressure difference receivers (Michelsen and Larsen, 2007; Christensen-Dalsgaard, 2011; Supplementary Material Appendix 2). Interaural enhancements have been demonstrated in several bird species, such as budgerigars Melopsittacus undulatus (Larsen et al., 2006), owls Tyto alba (Kettler et al., 2016), and domestic chickens (Hyson et al., 1994). The magnitude of the interaural time and level cues available to birds at infrasonic frequencies remains unquantified with experimental data, as well as their ability to encode those differences. The interaural cues will vary among birds due to different interaural attenuation through the cranial air spaces. Experimental data and mathematical models suggest that interaural differences in time rather than level may play a dominant role at low frequencies (Supplementary Material Appendix 2).

Second, sound direction could be determined by the frequency shift caused by the Doppler effect: flying toward the sound source will shift the perceived frequency upward as a function of flight speed, whereas flying away from the sound source will shift frequency downward (Figure 3A; similar to the sound of a siren shifting pitch down as it moves away from the receiver).
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FIGURE 3. Perception of direction through frequency shift caused by the Doppler effect during flight. (A) Given a stationary 1 Hz infrasound signal, a bird flying in the acoustic far-field at a ground speed of 40 km/h (11 m/s) toward or away from the source receives a frequency that is shifted up or down by 3% (i.e., to 1.03 or 0.97 Hz), relative to the frequency received by a stationary bird, or a bird flying perpendicularly to the signal. For indirect flight angles relative to the signal direction, the frequency shift will be less than ±3%. Wavefronts of the propagating sound wave are indicated with vertical lines. (B) The range in average ground speeds of seabirds in crosswind flight (dashed lines) are compared to the estimated flight speeds that would be required to produce the frequency shift thresholds determined empirically in pigeons by Quine and Kreithen (1981) (black dots). To the right, average flight speeds are grouped by different flight styles (FG, flap-gliders; GF, glide-flappers; G, gliders; F, flappers), with means (dots), medians (diamonds), and range (lines). Data for average flight speeds are taken from Table 3 of Spear and Ainley (1997), with each flight group containing 2–11 mean flight speeds. These results suggest that seabird flight speeds could be sufficient to produce a detectable frequency shift (for details of calculations, see Supplementary Material Appendix 3).


The equation for the frequency shift caused by the Doppler effect is: f = ((c + vr)/(c + vs)) × f0, where f identifies the received frequency, f0 is the emitted frequency, c is the speed of sound, vr is the velocity of the receiver/bird (positive values indicating movement toward the sound), and vs is the velocity of the sound source (positive values indicating movement toward the receiver/bird). The magnitude of the frequency shift depends on the bird’s flight velocity and the direction of the flight path relative to the sound source. A greater flight velocity produces a larger frequency shift relative to a stationary position, and a flight path oriented directly toward or away from the sound source will elicit the greatest relative velocity between the receiver and source.

The hypothesis that birds use the Doppler shift to determine sound direction requires that the bird has an ability to perceive small frequency modulations at infrasonic frequencies. There are almost no empirical data on the perceptual abilities of birds in this regard for low frequencies, but a study in pigeons by Quine and Kreithen (1981) found that as frequencies were lowered from 20 Hz down to 1 Hz, the thresholds for the detection of frequency shifts increased from 1 to 7 %. If sensitivities of seabirds to frequency shifts across frequencies are similar to those determined for pigeons (Quine and Kreithen, 1981), use of the Doppler effect is plausible but would be more effective at higher infrasonic frequencies, where the sensitivity to frequency shifts is greater (Figure 3B and Supplementary Material Appendix 3).

Third, birds could perceive the particle motion direction directly through stimulation of the otolithic vestibular organs (saccule, utricle, and lagena). The different orientations of the hair cells on each vestibular organ, and of the organs themselves, allow for animals to detect vibration in multiple directions (Si et al., 1997), although with a 180° ambiguity, as the particle motion is occurring equally toward and away from the sound source (Sisneros and Rogers, 2016). Though not studied in birds, evidence in other species (frogs and humans) indicates that low frequency airborne sound can stimulate the otolith organs (Moffat and Capranica, 1976; Rosengren et al., 2010). Theoretically, if both pressure and particle motion are simultaneously perceived by the inner ear, the 180° ambiguity could also be resolved by a neural computation of the phase differences between the two acoustic components, so-called “phase models” of directional hearing (Sisneros and Rogers, 2016).



INFRASOUND AS A NAVIGATIONAL CUE

Organisms can use several mechanisms for navigation, relying on environmental information and spatial memory, available simultaneously at different spatial scales (Mueller and Fagan, 2008). Here, we focus on navigation based on the perception of the infrasound signature of spatial features, such as a target location. From a signal perspective, this acoustic information can be perceived as discrete objects (beacons, landmarks) or continuous signals (gradients) (Figure 4).
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FIGURE 4. A navigation framework for infrasound. We propose three non-exclusive scenarios for the use of infrasound for navigation by birds as (A) beacons, (B) landmarks, and (C) gradients. We consider a hypothetical bird trajectory (in black) sampled at locations x1, x2 and the target at times 1, 2, and 3. In each panel, blue elements indicate the relevant information used by the bird. (A) In the beacon hypothesis, the target location, e.g., the bird’s colony is the infrasound source that the bird detects and moves toward. This hypothesis requires the bird either to perceive directly the direction of the beacon, shown here by the blue arrows and optimise its path toward it (taxis), or at least to detect whether it is approaching or moving away the target. In this case, the bird could rely only on variations of field intensities (differential klinokinesis) without the need to sense the gradient direction. (B) α, β, and γ are three infrasound sources (e.g., islands). The combination of their infrasound signals in space provide a unique acoustic landmark in the form of an infrasound signature at the target (power spectrum in blue, I is the sound intensity and f the frequency); power spectra at x1 and x2 are compared to the power spectra at x1 to reassess location. (C) Large-scale infrasonic amplitude gradient fields can provide a functional coordinate reference system. We illustrate this scenario with two gradient fields from two different sources (gradient isolines are represented by grey parallel lines, with directions orthogonal to the gradient directions, and widths proportional to the signal intensities). The bird could use the gradient fields as a coordinate system, guiding it to navigate toward its desired target characterised by specific intensities (blue arrows).


A beacon is a detectable feature with a characteristic, but not necessarily unique, signature that stands at a target location and provides information linked to its direction, assuming the source is stable over time, like a light bulb for a moth (Figure 4A). The beacon can generate a radial gradient field around it, which can be used by an organism to move toward it. A classic example is provided by bacteria orienting in a chemical gradient field (Benhamou, 2010). The presence of acoustic beacons is supported by empirical (e.g., Moron and Andriolo, 2015) and experimental studies (e.g., Shettleworth and Sutton, 2005; Stansbury et al., 2015). For instance, sound made by conspecifics has been shown to act as a beacon in wood frogs Lithobates sylvaticus (Bee, 2007), and spinner dolphins Stenella longirostris (Moron and Andriolo, 2015). Animals may use any acoustic source as a beacon if they can perceive the direction of the source of sound.

In contrast, landmarks are also detectable features, but do not stand at a target location; they are used instead as an element of a frame of reference in which the animal can encode both its position and the goal location (Benhamou, 2010; Chan et al., 2012; Figure 3B). Landmarks must provide a signature that is stable and distinguishable in the environment, in direction and/or intensity. While use of a visual landmark is thought to be common in animals (including humans) in route finding (Nardini et al., 2008; Chan et al., 2012), the use of acoustic landmarks has been poorly studied, with most research focused on humans (Jetzschke et al., 2017), or echolocating species (e.g., bats; Jensen et al., 2005). Several acoustic sources may result in a mixture of acoustic signals at a given location providing a unique signature, possibly in both the frequency and amplitude domains (Figure 3B). As different types of infrasound sources differ in frequency and amplitude profiles, it may be possible that an animal can distinguish acoustic landmarks from the acoustic profiles at specific locations and use them until it reaches the target (Figure 3B).

A gradient field occurs when some physical or chemical factors of the environment vary monotonically in space; the gradient giving the rate of change in intensity in every point in the field. When there are several gradient fields intersecting with some marked angle, the intensity, or ratio of intensities, and the direction of gradients may be directly perceived (e.g., as proposed by Wallraff (2000) for homing pigeons). Thus intersecting gradient fields can provide a functional coordinate system (Benhamou, 2003; Figure 4C). To our knowledge, the use of acoustic gradients has not been tested yet. As microbaroms and surf are quasi-continuous in nature, they could act as infrasonic gradient fields for navigation over long distances. For example, an animal could use a static source such as a gradient field created by microbaroms on a continental coastline to orient relative to the coast. Given that microbarom source regions are louder in areas with persistently strong winds (Smets, 2018; De Carlo et al., 2020), the general trend for increased ocean surface wind speeds at higher latitudes may potentially provide a large-scale gradient field. Although microbaroms propagate over large distances, less information is provided in the far- than near-field as the intensity decreases exponentially with distance (Figure 1B).



HOW MIGHT SEABIRDS USE INFRASOUND FOR NAVIGATION?

We have outlined how infrasound could act as a navigational cue, likely as a component of a multimodal system, whereby animals use several cues across a range of spatial scales. As many infrasound sources may also provide information alongside other types of navigational cues, such as the visual and infrasound information gained from islands, it may not be possible to determine whether birds use one or several types of information. However, infrasound is likely to provide information over much larger spatial scales than many other navigational cues, and so we suggest it can provide additional information to more widely studied cues (Figure 5 and Supplementary Material Appendix 1). In Figure 5 we provide a schematic proposing possible spatial scales at which key sensory modalities (vision, olfaction, magnetoreception, hearing) and proposed infrasound scenarios may be used by seabirds to obtain spatial information.
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FIGURE 5. The predominant sensory modalities used by seabirds and the hypothesised spatial scales over which they operate (above dotted line) as well as the hypothesised scales over which infrasound hypotheses are proposed to provide information (below dotted line). The known range at which animals may be using each sensory modality is based on the literature and highlighted by a bright colour, while the probable or hypothesised range is shown by a faded colour. Each infrasound hypothesis is provided separately, shown in faded pink. Note that for several senses (e.g., vision, olfaction) the hypothesised scales incorporate the ranges at which animals have been proposed to use learned map-like information. The spatial scale is presented on a log10 scale and ranges from 0 m to 2,000 km. 1Collet et al. (2015), Pollonara et al. (2015), and Padget et al. (2017). 2Nevitt (2008), Nevitt et al. (2008), and Reynolds et al. (2015). 3Wynn et al. (2021). 4Thiebault et al. (2016).


Some seabird species home in a straight line (Catard and Weimerskirch, 1999, movement data drawn as Figure 2 in Benhamou et al., 2003; Padget et al., 2019), and because infrasound is not influenced by surface-level wind fields to the same degree as odour plumes, birds could use an infrasound beacon over large spatial scales, provided that they are able to identify the direction of the sound source and where this source is located close to the goal (Figure 4A). However, there are several limitations with a directional hearing mechanism along these lines, given seabird flight speeds and interaural time differences (see section “Can Infrasound be Detected by Birds?”). Infrasound landmarks have been suggested for pigeons (e.g., Hagstrum, 2013), but there is a lack of comprehensive empirical support (Wallraff, 2014). Research into other navigational cues has shown that birds (including seabirds) do rely on olfactory and visual landmarks (e.g., Nevitt, 2008; Guilford and Biro, 2014; Pollonara et al., 2015). To use infrasonic landmarks, seabirds would need to recognise acoustic signatures in the infrasonic range, based on frequency and amplitude (Figure 4B), and memorise features associatively or encode their location in space (Biro et al., 2004). The auditory pathway of birds has the capacity to encode changes in amplitude and frequency at infrasonic ranges (Warchol and Dallos, 1989; Schermuly and Klinke, 1990), but the acuity for resolving subtle spectral differences is unknown.

Evidence of use of navigation gradient fields by seabirds is mixed, particularly variations in the geomagnetic field as a possible component of a gradient map (Åkesson and Alerstam, 1998; Bonadonna et al., 2005). To rely on an infrasonic gradient field, birds need to detect either particle motion, with relatively large values in the near-field, or the pressure amplitude of the signal. Moving up an infrasound gradient field (whether the bird is sensitive to particle motion or pressure) would require birds to sample the environment as they move.

Although the long-range propagation of infrasound, and the quasi-continuous nature of microbaroms and surf sources, makes it an appealing cue for navigation, the signal-to-noise ratio of infrasound diminishes with increasing distance from the source. Seabirds nest predominantly on islands or at the coast, and hence the stable infrasound from surf offers a predictable cue to locate coastlines. Infrasonic landmarks could be used predominantly at medium scales and in situations where different local sources would provide unique signatures from their power spectra (Figure 4B). Similarly, as total acoustic energy declines rapidly with distance to the sound source (Figure 1B), it would be easier for a bird to detect an amplitude gradient when nearby. Although we propose three principal mechanisms by which birds could detect and use infrasound for navigation, they are not mutually exclusive. Birds would likely navigate using multiple properties of sound, depending on several factors including the nature of the source and the navigation task. Further research should focus on whether different infrasonic sources are distinguishable over incoherent noise (e.g., from winds) and have stable spectral features, and the amount of additional information that they would provide over other cues.



WHERE TO NEXT?

A scientific demonstration of the use of infrasound for navigation requires evidence that birds can detect and extract useful information from an infrasound cue and use it in a navigational context. Our understanding of the ability of birds to detect infrasound and signal directivity over long distances is limited and requires further testing. However, we have established several hypothetical mechanisms for how infrasound could be used in navigation and a framework in which these questions can be addressed.

There are considerable technical challenges associated with testing the role of infrasound in navigation. Studies that have examined whether a particular sensory modality is involved in navigation have generally impaired its function and compared navigational performance to that of control animals (e.g., Gagliardo et al., 2013; Padget et al., 2017). A surgical removal of cochlea in pigeons was associated with changes in flight direction (Hagstrum and Manley, 2015). However, infrasound detection could involve both the vestibular and auditory end organs (Zeyl et al., 2020), and impairment of either system raises practical and ethical concerns. A useful next step in determining infrasonic hearing directionality and sensitivity would be to assess electrophysiological sensitivities to infrasonic vibration in three dimensions (e.g., using the auditory brainstem response; Christensen et al., 2012), and quantify eardrum and whole-head vibrations elicited by airborne infrasound. Furthermore, a better understanding of the information held by birds would help resolve whether animals require only directional information, or whether they are also able to encode distance, which would likely rely on different mechanisms. Studies of navigation are largely correlative, measuring a behavioural response to natural environmental variation. Experimental modifications of the marine environment, especially acoustic, can be practically impossible and so the response to extreme events, such as volcanic eruptions and hurricanes, offers the best opportunity to look at changes in navigation in response to changes in infrasound.

An alternative would be to either compare seabird navigation performance in scenarios with contrasting infrasound source and/or propagation conditions or to construct and test conceptual models for navigation (e.g., Postlethwaite and Walker, 2011; Putman et al., 2012; Putman, 2015; Berdahl et al., 2018; Taylor et al., 2021). The former may involve correlating movement decisions with infrasound along foraging trips and comparing outbound and return legs (Guilford et al., 2011) as return legs may well be made in the presence of putative stable sources of infrasound (e.g., surf from coastlines). The latter may involve creating algorithmic rules based on specific hypotheses regarding (1) which infrasound cues would be used, (2) how they are used and (3) how they are translated into movement patterns, using approaches such as agent-based models (Painter and Plochocka, 2019). This may be challenging, and would require extensive knowledge of the species and its environment to arrive to realistic rules, which will critically rely on input from biologging devices that measure movement (e.g., GPS, accelerometers and magnetometers; Williams et al., 2020) and both in-situ infrasound and infrasound estimates across a broader area. Relatively simple models would still allow researchers to gauge a hypothesised navigation strategy’s feasibility, or help to place bounds on what a given sensor would have to be able to do.

The characterisation and modelling of infrasoundscapes at high spatiotemporal resolution are also challenging due to the dynamic nature of the infrasonic wavefield in the atmosphere. Observed infrasoundscapes, often measured as part of the IMS as discussed in Section “Atmospheric Infrasound in the Marine Environment,” infrasound detection statistics vary significantly between IMS infrasound arrays around the globe. The modelling of infrasonic soundscapes (den Ouden et al., 2021b) will play a central role in the geographical mapping of infrasonic energy from specific marine acoustic sources, such as microbaroms (Waxler and Gilbert, 2006; Smets, 2018; De Carlo et al., 2020) and surf (Park et al., 2008). Moreover, the deployment of mobile loggers (Harcourt et al., 2019) will be useful to provide information on infrasound levels near ecological sites of interest and complement the existing IMS infrasound network. Finally, the development of biologging devices to capture avian movement along with infrasound measures will be crucial in advancing this field of research. Indeed, we have developed a miniature multidisciplinary sensor platform to collect geophysical data to investigate the use of infrasound and weather patterns in navigation decisions (den Ouden et al., 2021a). These techniques will improve our understanding of how seabirds use information from other geophysical cues at sea (e.g., wave direction; Lohmann and Lohmann, 1996; Serres et al., 2019), for which little is known.

Natural events have been suggested to provide quasi-experimental data for assessing changes in movement patterns. For example, infrasonic shock waves from a supersonic plane have been proposed to interrupt homing of pigeons (Hagstrum, 2000). Similarly, evasive movements of passerines away from an approaching cyclone might be the result of birds detecting and responding to infrasound rather than meteorological cues (Streby et al., 2015; but see Lisovski et al., 2018). However, the inability to control for confounding factors makes interpreting these results, and isolating the effect of infrasound, challenging. Studies which are able to monitor fine-scale animal behaviour before and after transient geological or meteorological events such as storms or earthquakes along with infrasound and other environmental (e.g., meteorological) variables should be better placed to isolate any potential behavioural responses to infrasound.

Although our understanding of avian responses to infrasound remains limited, we have recommended some key avenues for future research that would allow us to investigate its potential use for seabird navigation, and more broadly across avian species. Rather than design invasive experiments that impair hearing capabilities, we suggest the development of movement models that simulate the use of infrasound for navigation may be used alongside field studies that either correlate bird movements with in-situ infrasound measurements or track movement in response to transient infrasound sources. These strands of research are likely to add crucial pieces to the longstanding puzzle of whether birds really use infrasound for navigation.
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