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The loud, impulsive, broadband underwater disturbance, habitat, mammals, marine ecology, 
sounds produced during offshore pile driving are noise, odontocete, mitigation, offshore, offshore 
known to have auditory and behavioral effects wind farms, wind energy
on harbor porpoises (Phocoena phocoena) in the 
areas around piling sites. Thresholds to prevent Introduction
behavioral effects have not yet been set, and it is 
unclear whether or not auditory frequency weight- Sound is important for odontocetes (toothed 
ing of piling sounds, as used for criteria to pro- whales) as a means of orientation and communi-
tect hearing (Southall et al., 2019), is also useful cation, and to locate prey, conspecifics, and pred-
for predicting behavioral responses and therefore ators (Richardson et al., 1995; Nowacek et al., 
required to set safety criteria and develop mitiga- 2007; Wright et al., 2007). Therefore, odontocetes 
tion measures. A harbor porpoise in a pool was are likely to be disturbed by extraneous noise in 
exposed to playbacks of piling sounds, and her their environment. In addition to natural sounds, 
behavioral responses were quantified in compari- human activities increasingly add noise to the 
son to baseline periods without piling sounds. The environment, which may have negative effects on 
full-spectrum playback piling sound was recorded odontocetes by causing auditory masking, tem-
at 100 m from a piling site for an offshore wind tur- porary or permanent hearing threshold shifts, or 
bine. For comparison, five low-pass filtered (6.3, behavioral effects (National Research Council 
3.2, 1.5, 1.0, and 0.5 kHz) versions of the sound [NRC], 2005).
in which the bandwidth decreased were played Coastal waters support high densities of odon-
back at the same duty cycle (46 strikes/min) and tocetes and are heavily used by humans producing 
similar single-strike sound exposure levels (power noise through, for example, shipping, construction 
average in the pool: 135 dB re 1 µPa2s; t90: 90 to of harbors, oil and gas industry operations, and 
100 ms). As the bandwidth of the piling sounds construction of offshore wind farms. Although 
decreased, the porpoise’s behavioral response alternative methods of attaching wind turbines 
became weaker. Although these results are based to the sea floor are being investigated, installa-
on only one porpoise, they indicate that harbor tion commonly involves percussion pile drivers, 
porpoises respond most strongly to the higher fre- which produce high-amplitude, impulsive sounds. 
quencies in piling sounds. Therefore, frequency The effects of pile-driving sounds are of par-
weighting of the sound exposure level (SEL) will ticular interest in relation to the harbor porpoise 
improve prediction of behavioral responses, and (Phocoena phocoena) because it has a wide distri-
behavioral response threshold levels for crite- bution area in the coastal waters of the Northern 
ria should also be expressed as weighted SELs. Hemisphere, acute hearing, and functional hear-
However, it is unclear whether the weighting for ing over a wide frequency range (Kastelein et al., 
predicting auditory effects is also the best weight- 2017). Piling sound can reduce the ability of 
ing to predict behavioral effects. Mitigation of harbor porpoises to catch fish (Kastelein et al., 
the effects of piling sounds on harbor porpoise 2019b) and can cause them to flee from areas 
behavior should be focused on reducing the high- around piling sites (Tougaard et al., 2009; Dähne 
frequency part of the spectrum. et al., 2013). Kastelein et al. (2013c) conducted 
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Figure 1. Top scale view of the outdoor study facility, showing the female harbor porpoise (Phocoena phocoena) and 
the locations of aerial camera 1 (8 m above the water level), aerial camera 2 (5 m above the water level), the underwater 
transducer emitting the piling sounds at the bottom of the pool, the hydrophone (used to listen to the piling sounds and 
background noise), and the research cabin, which housed the video and audio equipment, and the operator/data collector. The 
pool was 2 m deep. The central dashed line shows the division of the pool into two halves (see Tables 1 & 2).

Figure 2. The mean background noise in the outdoor pool, represented in one-third-octave (base-10) bands. Each mean was 
calculated from measurements at three depths, and the sound pressure level was averaged over 10 s and converted to sound 
exposure level (SEL) for a 100 ms time period by adding 10log10(0.1). The level is very low; for most of the spectrum, it 
is below the level measured at Sea State 1 in the open sea. Above 3.2 kHz, the background noise level is dominated by the 
self-noise of the recording system.
























