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Despite the rapid increase in the use of unmanned aerial vehicles (UAVs) in marine mammal research, knowledge of the effects of UAVs on study animals is very limited. We recorded the in-air and in-water noise from two commonly used multi-rotor UAVs, the SwellPro Splashdrone and the DJI Inspire 1 Pro, to assess the potential for negative noise effects of UAV use. The Splashdrone and Inspire UAVs produced broad-band in-air source levels of 80 dB re 20 μPa and 81 dB re 20 μPa (rms), with fundamental frequencies centered at 60 Hz and 150 Hz. The noise of the UAVs coupled poorly into the water, and could only be quantified above background noise of the recording sites at 1 m depth when flying at altitudes of 5 and 10 m, resulting in broad-band received levels around 95 dB re μPa rms for the Splashdrone and around 101 dB re μPa rms for the Inspire. The third octave levels of the underwater UAV noise profiles are (i) close to ambient noise levels in many shallow water habitats, (ii) largely below the hearing thresholds at low frequencies of toothed whales, but (iii) likely above the hearing thresholds of baleen whales and pinnipeds. So while UAV noise may be heard by some marine mammals underwater, it is implied that the underwater noise effect is small, even for animals close to the water surface. Our findings will be valuable for wildlife managers and regulators when issuing permits and setting guidelines for UAV operations. Further, our experimental setup can be used by others to evaluate noise effects of larger sized UAVs on marine mammals.
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INTRODUCTION

The use of unmanned aerial vehicles (UAVs) is increasing rapidly (Teal Group Corporation, 2011). With UAVs offering a safe, inexpensive and user-friendly alternative to conventional aircrafts, UAVs are becoming increasingly popular as a tool in wildlife research and monitoring (Jones et al., 2006; Koh and Wich, 2012; Ogden, 2013; Nowacek et al., 2016). The application of UAVs in wildlife science includes optical surveying and observation of animals (both terrestrial and marine), autonomous wildlife telemetry tracking, and habitat mapping and monitoring (for a review of research areas and species, see Anderson and Gaston, 2013; Chabot and Bird, 2015; Linchant et al., 2015). In the field of marine mammal research, UAVs have been used for monitoring the occurrence of animals (Jones et al., 2006; Brooke et al., 2015; Goebel et al., 2015; Moreland et al., 2015), abundance estimations (Hodgson et al., 2013; Sweeney et al., 2016), photo ID (Koski et al., 2015; Pomeroy et al., 2015), photogrammetry (Durban et al., 2015; Goebel et al., 2015; Pomeroy et al., 2015; Christiansen et al., 2016) and collection of breath samples (exhaled breath condensate) to monitor disease (Acevedo-Whitehouse et al., 2010). Some of these applications require UAVs to fly at close range (<10 m) above the study animals, which increases the risk of disturbance from the noise produced by UAVs.

Many marine mammals critically rely on sound and hearing for orientation, foraging, communication and for threat identification and warning (Tyack, 1998). Because of its importance, marine mammals are susceptible to noise produced by boats and shipping (Jensen et al., 2009; Rolland et al., 2012; Hermannsen et al., 2014), offshore wind farms (Carstensen et al., 2006; Madsen et al., 2006), seismic exploration (Gordon et al., 2003; Pirotta et al., 2014) and military sonar (Miller et al., 2000; Goldbogen et al., 2013). Effects from anthropogenic noise on marine mammals include behavioral changes (e.g., avoidance behavior), physiological effects (e.g., stress and hearing impairment), masking of communication and echolocation signals and changes in vocalizations (for reviews see Richardson et al., 1995; NRC, 2005; Nowacek et al., 2007; Tougaard et al., 2015). Hence the noise emitted from UAVs has the potential to negatively affect marine mammals underwater, provided that the levels are both high enough to evoke a response and above both the hearing thresholds of exposed animals and the prevailing ambient noise level in the study area.

Smith et al. (2016) provides a review of measured effects of UAVs on marine mammals and identified that the two potential sources of disturbance are the visual cues from the UAV (including its shadow) and the noise emitted by the UAV. Impact studies of UAVs on marine mammals and other taxa has identified both the vertical and horizontal distance of the UAV as important factors influencing the response of animals (Goebel et al., 2015; Pomeroy et al., 2015; Vas et al., 2015; Smith et al., 2016). The noise level of the UAV in the context of the prevailing ambient noise in the research area will also play an important role in the impact assessment of UAVs (Goebel et al., 2015; Pomeroy et al., 2015). In an attempt to measure the effect of UAVs on Antarctic wildlife, Goebel et al. (2015) measured the noise levels produced by a multi-rotor UAV (the APH-22 hexacopter) when hovering at various altitudes (between 0 and 90 m) and compared the measured noise levels to background levels from a chinstrap penguin (Pygoscelis antarctica) colony. They found that during typical field conditions the noise of the UAV was masked by the background ambient noise of the colony. However, while the noise impact of UAVs might be low in a noisy penguin colony, effects might be higher for animals residing in more quiet terrestrial habitats or underwater. UAVs can elicit behavioral responses in pinnipeds on land, ranging from elevated alertness levels to animals fleeing into the water (Pomeroy et al., 2015; Smith et al., 2016). Still, no study to date has investigated the potential noise effect of UAVs on marine mammals underwater.

This study quantifies the levels of noise in-air and in water produced by UAVs when flown at various altitudes. We developed a simple experimental setup involving an underwater recorder, a SoundTrap, a single in-air microphone and two commonly used UAVs, the SwellPro Splashdrone and the DJI Inspire 1 Pro. We show that the underwater noise levels produced by the two UAVs were low, below or close to the ambient noise levels and below the hearing thresholds of most marine mammals, and hence should have little effect on marine mammals underwater. With UAVs being increasingly used in wildlife research, this study informs an important gap in knowledge of UAV effects on marine mammals, and also provides a simple experimental setup that can be used by other researchers to evaluate noise effects of larger sized UAVs on marine mammals.

METHODOLOGY

Experimental Setup

Two types of multi-rotor (quadcopter) UAVs were used for the noise exposure experiment: the SwellPro Splashdrone (50 cm diameter, 2.3 kg, carbon fiber propellers, http://www.swellpro.com, Figure 1B), and the DJI Inspire 1 Pro (56 cm diameter, 3.4 kg, plastic propellers, http://www.dji.com, Figure 1C). The two UAVs were operated under a Remotely Piloted Aircraft System License and two UAV Operator Certificates, in accordance with regulations by the Australian Civil Aviation Safety Authority (CASA).
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FIGURE 1. (A) Experimental setup of the UAV noise exposure study. The UAVs were hovering at fixed altitudes above the acoustic array at the heights indicated in the figure. The same trial was also carried out above a microphone placed on land. (B) The SwellPro Splashdrone and (C) DJI Inspire 1 Pro used in the experiment. Note: figure is not drawn to scale.



The experimental setup consisted of a calibrated SoundTrap (Ocean Instruments New Zealand) positioned at 1 m depth (Figure 1). With the motivation of this study coming from a research project measuring the body condition of baleen whales using photogrammetry of whales at the surface (Christiansen et al., 2016), the depth of the SoundTrap was chosen to represent the receiving part of the auditory system of a logging baleen whale (a whale resting motionless at the surface) at 1 m depth, assuming that submerged marine mammals are further from the surface and hence will receive less noise than when logging. The SoundTrap sampled at 576 kHz (flat (±2 dB) frequency response from 0.02 to 100 kHz), 16 bit, and had a clip level of 173 dB re 1 μPa. The SoundTrap was calibrated with a GRAS pistonphone and a custom made coupler. The SoundTrap was attached to a rope, which was kept vertical by a weight attached at the bottom and a 200 mm floating buoy at the top (Figure 1).

The noise exposure experiment for the Splashdrone was carried out in the southern end of Exmouth Gulf, Western Australia (22.31027°S, 114.24062°E), about 6 km from land, on 18 August 2015. The water depth was 10 m, with sandy bottom substrate. The experiment for the Inspire was conducted inside Augusta boat harbor, Western Australia (34.35280°S, 115.16811°E) on 30 July 2016. The water depth was 6 m, with rocky bottom substrate. The wind speed during both trials was <15 knots. Logistic constraints prevented the two experiments to be carried out at the same time and location. While the difference between sites did influence the ambient noise levels recorded, it is unlikely to have affected the measured UAV noise levels due the signal noise criterion used for inclusion of data. We therefore also compared the UAV noise levels to the ambient noise levels from a suite of different habitats (Baltic Sea, Scotian Shelf, Exmouth Gulf and Koombana Bay off Bunbury, Western Australia) where marine mammals are known to reside.

During the trials, the UAVs hovered at fixed altitudes of 5, 10, 20, and 40 m above the acoustic recorder (Figure 1). The UAVs hovered at each altitude for 20 s, and three replicate recordings were carried out at each altitude. To estimate the source levels of the UAVs in-air, we used an Olympus LS-100 multi-track linear PCM recorder sampling at 96.0 kHz, 16 bit, having a clip level of 123 dB re 20 μPa as calibrated relative to a GRAS ¼ inch microphone in an anechoic room. The recorder was positioned on land 3 m above ground, and the same UAV trial was repeated with the same number of replicates (three flights at each of 5, 10, 20, and 40 m altitude above the recorder).

To prevent potential negative impacts of the UAVs on the local wildlife (i.e., marine mammals, sea turtles and sea birds), one observer visually scanned the experimental site 5 min before and also during each trial, to ensure that no wildlife was in the vicinity.

Analysis

The different recordings were identified via a pre-recording synchronization of the SoundTraps/Olympus recorder, the UAV and a GoPro camera on the head of the UAV operator. Initial acoustic analyses were subsequently performed by visual inspection of the in-air noise in spectrograms (settings: 1024 FFT points, half-overlapping Hanning window). This initial analyses revealed that all detectable energy was found below 1.5 kHz, and both the in-air and underwater recordings were accordingly down-sampled to 6000 Hz for further analyses. The detailed spectral features of the recorded noise were examined by means of a power spectral density (PSD) analysis (4096 FFT points, half-overlapping Hanning window). Visual inspection of the spectrograms and PSD plots showed that detectable lower noise harmonics were evident above 50 Hz for the in-air recordings of the Splashdrone and above 100 Hz for the Inspire, and that ambient noise was dominating frequencies below 160 and 100 Hz for the underwater recordings of the Splashdrone and the Inspire, respectively. Different filters were therefore used for the in-air and underwater recordings of the Splashdrone. A 4th-order Butterworth bandpass filter between 50 and 1500 Hz was used for the in-air recordings and between 160 and 1500 Hz for underwater recordings. All recordings from the Inspire were filtered using a 4th-order Butterworth filter between 100 and 1500 Hz. We then computed the broad-band root-mean-square (rms) sound pressure level over a time windows of 20 s for both the filtered in-air and underwater recordings. The received levels in-air were then corrected for the flight altitude to provide estimates of the source level as back-calculated directly below the UAVs. To make the underwater UAV noise levels comparable to relevant measures of ambient noise and audiograms, we also computed the third-octave band levels using the Matlab script Filtbank (provided by Christophe Couvreur, Faculte Polytechnique de Mons, Belgium) implemented in MATLAB (Mathworks, Inc., 2013R) according to the ANSI standard S1.6-1984 (1984). All sound analyses were done using custom-programs in Matlab R2013b.

RESULTS

In-Air Recordings

Analyses of the in-air recordings revealed that the UAV noise was present in harmonic and subharmonic frequency bands. The fundamental frequency was found at 60 Hz for the Splashdrone and at 150 Hz for the Inspire (Figure 2), likely representing differences in rotor-revolutions. Most energy was found around 200 Hz for the Splashdrone and around 450 Hz for the Inspire. The bandpass filtered versions of the in-air recordings corrected for the 10 m transmission loss rendered mean broad rms source levels @ 1 m of 80 dB re 20 μPa for the Splashdrone and 81 dB re 20 μPa for the Inspire.


[image: image]

FIGURE 2. Representation of the in-air recordings of the SwellPro Splashdrone and the DJI Inspire 1 Pro flying at 10 m altitude. (A,D) spectrograms of the received noise at water surface where specific harmonic and subharmonic frequency bands are visible. (B,E) relative power spectra of the received noise. (C,F) waveforms of the source level noise produced for each UAV. (G) Power spectral density of the received noise at 10 m for the SwellPro Splashdrone (red line) and the DJI Inspire 1 Pro (blue line). Self-noise of the recorder (black line) is shown for comparison.



Underwater Recordings

The initial analysis of the underwater recordings showed that the UAV noise was only quantifiable above ambient noise when flown at 5 or 10 m above the sea surface. Accordingly, only the recordings from the two lowest flight altitudes were used in subsequent analyses. The three recordings yielded similar results for 5 and 10 m altitude between 91 and 97 dB re 1 μPa (rms) [mean of 95 dB re 1 μPa (rms)] for the Splashdrone and of 98–102 dB re 1 μPa (rms) [mean of 101 dB re 1 μPa (rms)] for the Inspire (Figure 3). The corresponding mean third octave levels are plotted in Figure 4.
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FIGURE 3. Received power spectral density levels (RPSD dB re 1 μPa RMS) of noise at 1 m depth when UAVs flying at 5 and 10 m (blue and orange lines, respectively). (A) SwellPro Splashdrone (broadband RMS received level of 88–89 and 87–88 dB re 1 μPa at 5 and 10 m, respectively) and (B) DJI Inspire 1 Pro (broadband RMS received level of 101–102 and 100–101 dB re 1 μPa at 5 and 10 m, respectively). The ambient noise in the experimental site (gray line) and the self-noise of the recorder (black line) is shown for comparison.
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FIGURE 4. Audiograms of a harbor porpoise (Phocoena phocoena, Kastelein et al., 2002), a bottlenose dolphin (Tursiops truncatus, Johnson, 1967), a northern elephant seal (Mirounga angustirostris, Kastak and Schusterman, 1999) and the predicted audiogram of a fin whale calf (Balaenoptera physalus, Cranford and Krysl, 2015). Ambient third-octave sound pressure levels (TOLs) in dB re 1 μPa RMS in five different shallow-water habitats: North Sea (Willie and Geyer, 1984), Baltic (Willie and Geyer, 1984), Scotian shelf (Piggott, 1964), Exmouth (Hermannsen et al. unpublished) and Koombana bay (Jensen et al., 2009). SwellPro Splashdrone and DJI Inspire 1 Pro received TOLs in dB re 1 μPa RMS at 1 m depth when UAVs hovering at 5 m altitude.



DISCUSSION

We recorded the noise levels of two UAVs commonly used in wildlife research to evaluate their potential for negative effects on marine mammals. In-air recordings showed that the noise levels produced by the two UAVs were within the noise-level range known to cause disturbance in some marine mammals, such as sea otters (Enhydra lutris) and pinnipeds, which either haul out or surface with their heads out of the water (Richardson et al., 1995). In line with that, UAVs have indeed been reported to have negative effects on pinnipeds whilst on land (Pomeroy et al., 2015; Smith et al., 2016). Thus, for low altitude UAV work focusing on marine mammals in-air, negative effects are likely to occur in some cases, and should be thoroughly addressed via dedicated impact studies. On the contrary, the in-water received noise levels at 1 m depth were uniformly low for UAVs flown at low altitudes (5 and 10 m; Figure 3). Altitudes of 5 and 10 m may be used in the field for collection of exhalations (Acevedo-Whitehouse et al., 2010), but are in general well below more commonly used flight altitudes of >30 m above marine mammals (Durban et al., 2015; Christiansen et al., 2016). As such, the following discussion on possible effects should be viewed as conservative for most UAV work given that the received levels assessed here are likely higher than what would normally be the case.

The large numerical value of approximately 40 dB difference between the broad-band received level at 1 m depth and the estimated received level at the water surface in-air (Figures 2, 3), pertains to the difference in reference values in-air and water and the large impedance difference between air and water by which most of the sound energy reflects off the water surface; very little energy of the in-air UAV noise couples into the water. The maximum broad-band received levels of some 95–100 dB re 1 μPa (rms) of the UAVs are comparable to what small research vessels would expose marine mammals to underwater at ranges between 100 and 300 m while moving slowly between 2 and 5 knots (Jensen et al., 2009). Such speeds and approach distances of small research vessels are common in field research and while commonality does not exclude negative effects on the study subjects, it highlights that noise from low flying UAVs are often likely to be masked by nearby vessels, possibly including the one carrying the UAV operator.

Received noise levels at or below 100 dB re 1 μPa (rms) are many orders of magnitude below those shown to cause direct damage on auditory systems or compromise physiology in marine mammals (Southall et al., 2007). The possible effects are therefore reduced to involving either behavioral disruptions or masking of pertinent auditory inputs from the environment. A prerequisite for behavioral effects is that the exposed animal can actually hear the noise, which in turn requires that the received noise levels are above both the hearing threshold and the ambient noise in the same set of auditory filters stimulated by the noise. In Figure 4 we have plotted the audiograms of the best hearing pinniped at low frequencies in water; the northern elephant seal (Mirounga angustirostris, Kastak and Schusterman, 1999), two toothed whales (Johnson, 1967; Kastelein et al., 2002), and a modeled fin whale (Balaenoptera physalus, Wenz, 1962; Cranford and Krysl, 2015). We have superimposed the third octave levels of the UAV noise (black dots) on the audiograms to compare the noise in frequency bands akin to those of the critical bands of marine mammals. The two toothed whales may at low ambient noise levels just be able to hear the Inspire, but likely not the Splashdrone. The modeled fin whale audiogram suggests that a fin whale should have a very hard time hearing either of the two UAVs. An audiogram has never been measured for any baleen whale, and as such, the modeled audiogram may not represent the true hearing capabilities of any baleen whale, including fin whales. If we therefore assume that evolution cannot drive the hearing threshold of any baleen whale below the lowest ambient noise levels, the Wenz 0 curve (Wenz, 1962) may be viewed as the best possible audiogram of any baleen whale. In that case, the UAV noise will be clearly audible to baleen whales under very low noise conditions. The same is true for the elephant seal that may hear the UAVs well at low ambient noise levels (Figure 4).

However, ambient noise levels are generally not low close to the surface or in coastal areas where much UAV work is conducted on marine mammals. To highlight the effect of average ambient noise levels, we have also plotted mean third octave levels from a suite of different habitats in Figure 4, showing that those levels in many cases are comparable to or higher than the UAV noise. Those masking effects are further compounded for logging animals by splashing sounds from breaking waves, rendering the UAV noise even more difficult to detect than depicted in Figure 4. Thus, it is clear that even though the audiograms for several marine mammals suggest that they may hear the UAV noise when close to the surface, the prevailing ambient noise will in many habitats effectively render the UAV noise inaudible via masking, as also evident by the poor signal to noise ratios we have faced during analysis in the present study.

Finally, if marine mammals with good low frequency hearing are close to the surface in low ambient noise conditions and have a low flying UAV above them, there is no evidence to suggest that exposure levels below 100 dB re 1 μPa (rms) in water have led to any detectable behavioral disruptions in marine mammals (Southall et al., 2007). Opportunistic observations of humpback whales (Megaptera novaeangliae) and Southern right whales (Eubalaena australis) on their breeding grounds support that notion: During close up (<10 m) approaches with the same UAV models as in this study no behavioral responses of the animals toward the UAVs were detected (Christiansen et al., 2016). Other studies on cetaceans have reported on similar lack of behavioral responses of both toothed whales and baleen whales toward UAVs (Acevedo-Whitehouse et al., 2010; Durban et al., 2015; Koski et al., 2015). Sirenians too do not appear to be acoustically disturbed by UAVs, based on the lack of observed behavioral responses during UAV operations (Jones et al., 2006; Hodgson et al., 2013). In contrast, conventional aircrafts and helicopters with substantially higher source levels can elicit strong behavioral responses in cetaceans (Patenaude et al., 2002; Smultea et al., 2008). Bowhead (Balaena mysticetus) and beluga whales (Delphinapterus leucas) reacted to low flying (<150 m) helicopters during 26.3 (5/19) and 50.0% (6/12) of overhead flights (<250 m lateral distance), respectively (Patenaude et al., 2002). Although responses to low flying (<182 m) fixed-wing aircrafts were fewer (3.7 (8/218) and 4.2% (14/336) of flights, respectively), they still occurred (Patenaude et al., 2002). So far no behavioral reactions toward UAVs have been recorded for marine mammals underwater. Hence, the acoustic effect of UAVs on marine mammals in water, even when flying <10 m above the study animals, is likely to be absent or very small, and far less than that of conventional aircrafts, as long as the type of UAVs used generate noise at similar or lower levels than the types (Splashdrone and Inspire) used in this study (Jones et al., 2006; Acevedo-Whitehouse et al., 2010; Goebel et al., 2015; Moreland et al., 2015; Pomeroy et al., 2015).

With UAVs becoming an increasingly popular tool to study marine mammals, this study provides valuable information about the potential impacts of UAVs on the targeted animals. This information will be useful for wildlife managers and regulators when issuing permits and setting guidelines for UAV operations. However, it is important to highlight that many factors not investigated in this study are likely to affect the noise levels produced by UAVs. The noise produced by a multi-rotor UAV will depend on its propulsion system, electric motors, propellers, flight controller setup, frame, weight, speed, and how well the UAV has been balanced and calibrated. Further, the potential effect of UAVs on marine mammals will depend on the study species and the behavioral context of the animal at the time of flying (Smith et al., 2016). Further, Pomeroy et al. (2015) found that the reaction of pinnipeds to UAVs depended on their age, sex and biological state (i.e., breeding vs. molting). The noise produced by UAVs will also increase with increased wind speeds, since the engines will have to work harder to maintain the position of the UAV. However, increased wind speeds will also increase ambient noise levels, so that the perceived noise levels may be similar or even smaller than during calm weather conditions. We therefore recommend that future UAV studies, especially those involving more powerful UAVs than the one used in this study, carry out similar types of noise recordings as the one described in this study and compare them to the ambient noise levels in their study areas. Further, we recommend that behavioral impact studies are conducted on the study animals in conjunction with any research project on marine mammals involving UAVs, to test the assertions entertained in this paper and to ensure that any observer bias is known when using UAVs on wildlife. Finally, UAV operators also need to consider potential impact of their UAV on other wildlife than the targeted species, and take appropriate actions to minimize these.

We want to emphasize that this study was carried out under strict permitting conditions and that the pilot (F Christiansen) was trained and licensed to use UAVs for scientific purposes. With the use of recreational UAVs increasing rapidly around the world (Teal Group Corporation, 2011), regulators need to take a precautionary approach when setting up guidelines and regulations for the public, to minimize potential negative impacts from inexperienced and irresponsible operators.
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