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Sound measurements 

The acoustic field at the enclosures was characterised before the fish arrived. Both sound pressure and 
particle acceleration of the background (ambient) noise and the motorboat noise were measured. 
Particle motion can be expressed as displacement (m), velocity (m/s) or acceleration (m/s2). The 
reason for using acceleration in this study and not velocity or displacement is that the hearing organ 
utilizes acceleration for detecting sound (Martin et al. 2016; Fay & Popper 2000). It could be argued 
that the ear of fish is a biomechanical organ that is similar to an accelerometer, which would favour 
the use of acceleration.  

The particle acceleration sensor was prior to the study calibrated using the technique described in 
Sigray & Andersson (2011). The hydrophone was calibrated in an indoor tank at the Swedish Defence 
Research Agency. The particle acceleration was sampled with 800 Hz and the sound pressure with 
5000 Hz. The particle acceleration was measured with a particle sensor sensitive to frequencies in the 
range 0.1-300 Hz. The measured range of the particle motion was thus limited to frequencies lower 
than 300 Hz, set by the frequency response of the accelerometers. The pressure measurement was not 
limited by the sensor response. The sampling frequency was matched against the energy levels of the 
source, which were observed to be low for frequencies higher than 2000 kHz, thus 5000 kHz 
sampling frequency was sufficient to cover the spectral range of the pressure variations induced by 
the outboard motor (Fig. 2b).   

The particle sensor, with its sphere containing inertial accelerometers, was placed on the seabed with 
the sphere floating approximately 1 m over the seabed. The three-axial acceleration was recorded. A 
hydrophone (Atlantic Research model LC32) sensitive to frequencies in the range of 1 Hz to170 kHz 
was attached to the particle sensor and used for sound pressure measurements. The two sensors were 
deployed on the short side of the pontoon facing the boat (Fig. 1). The ambient noise level was 
recorded during a 5-minute period. Noise levels from the motor were recorded for ten minutes at each 
of seven different distances from the noise source (8-19 m), in order to establish the relationship 
between sound levels and distance to the noise source. The measurement with the motor on was done 
in the same position as the ambient noise. Equipment used in the particle acceleration measurements 
was developed by the Department of Meteorology at Stockholm University and the Swedish Defence 
Research Agency. For more detailed descriptions of the acoustic device, see Sigray et al., (2009) and 
Mueller-Blenkle et al., (2010). All sound measurements were conducted during one day (17 June 
2013). Sound pressure level and particle acceleration were measured simultaneously. 

Results 

The ambient noise was dominated by sound generated by the pontoon and the sea. The weather 
conditions were stable throughout the whole fish study and thus the measured ambient levels can be 
regarded as representative for the ambient noise experienced by the fish. The background levels were 
comparable for frequencies lower than 100 Hz and considerable lower than the levels obtained with 
the motor turned on (Fig. 2a, b, c) for frequencies higher than 100 Hz. Previous studies (Sigray & 
Andersson 2011) showed that the low frequency acceleration below 50 Hz was dominated by surface 
waves and flow-induced motion and thus should be excluded from the analyses. In the current study, 
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the energy levels were observed to be low in the frequency range extending from 50 Hz to 100 Hz, 
most probably due to limitation in the wave propagation, dictated by the water depth. The spectral 
energy was observed to increase for frequencies higher than 100 Hz (Fig. 2c). The maximum spectral 
energy was found in the interval 150 to 600 Hz (Fig. 2b). For frequencies higher than 600 Hz spectral 
energy levels were observed to decrease (Fig. 2b). The maximum spectral level calculated in 1 Hz 
bands was 126 dB re. 1μPa (rms). The broadband sound pressure level for frequencies higher than 
100 Hz, was found to be 152 dB re. 1 μPa (rms) at 8.2 m distance, with a bandwidth covering 100 to 
2500 Hz. In the analyses of the particle acceleration, data was partitioned into two data sets, the first 
contained sound lower than 100 Hz and the second contained sound higher than 100 Hz. The 
directivity of the particle acceleration was investigated and it was found that the low-frequency set 
was directed in arbitrary directions, while the high frequency set was steadily “pointing” towards the 
motor, irrespectively of distance. It was thus concluded, as suggested earlier, that the high frequency 
set emanates from the motor. Accordingly, the analysis in this study is henceforth concerned with 
sound pressure and particle acceleration with frequencies higher than 100 Hz. The low-frequency part 
of the spectra, spanning from 0 to 300 Hz of the two sensors, showed a similar spectral behaviour 
(Fig. 2a and 2c). The exercise of moving the boat relative to the pontoon was carried through to 
investigate the propagation losses, which for sound pressure was estimated to be 16log(r) and for 
particle motion 22log(r), where r denotes the distance between motor and sensors (Fig. 2b). The 
observed difference in losses might be explained by the differences in frequency range of the two 
sensors. The estimate of the particle acceleration was based on sound intensity produced in the 
interval 100 to 300 Hz (corresponding to a wavelength of 5 to 15 m) and the sound pressure in the 
interval 100 to 2500 Hz (corresponding to a wavelength of 0.6 to 15 m). These wavelengths will place 
the particle acceleration sensor relatively closer to the near field zone compared to the hydrophone, 
which might explain the difference in losses. The residuals of the two linear estimates were low, 
suggesting that the speed of the engine was kept under strict control throughout the experiment.  The 
difference in distance to the motor between the closest and the farthest cage was 3 m. Using the 
obtained relation the differences of sound levels were estimated to be 3 dB re. 1μm/s2 and 2 dB re. 1 
μPa. Thus, during the exposure of fish the sound pressure and particle acceleration levels at the 
closest cage was 152 and at the farthest 150 dB re. 1 μPa, (rms), and 75 and 72 dB re. 1μm/s2 (rms), 
respectively. These levels were obtained by integrating the energy in the frequency band 100 to 300 
Hz for the particle motion sensor and 100 to 2500 Hz for the pressure sensor. This is to the author’s 
knowledge the first time that both particle motion and pressure variations were measured in semi-
natural conditions from an outboard motor. Further, the fish was exposed to broadband energy from 
the outboard motor, whilst tank studies utilize pure sinusoidal tones or filtered white noise. These 
techniques cannot reproduce the correct ratio between pressure and particle motion from a source 
located in the sea. The particle motion levels observed in this study were higher than the hearing 
thresholds that were found to be in the interval from 25 and 45 dB re 1μms-2 (Sand and Karlsen 1986, 
Karlsen 1992a, Karlsen 1992b) but lower than levels eliciting strong avoidance reactions (Knudsen et 
al. 1992, Sand et al. 2000).  
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