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Executive summary 
 
To reach the goal of the Marine Strategy Framework Directive (MSFD) the Member States 
are committed to assess, achieve and maintain the “Good Environmental Status” (GES) of 
their respective waters by 2020. Today, there are large knowledge gaps on how to assess 
the effect that shipping noise has on the marine environment and its inhabitants The purpose 
of AQUO and especially of this deliverable is to illustrate the whole methodology by a 
representative set of choices, criteria and hypotheses that could later be completed, updated 
when complementary data are available and applied at a wider scale. 
 
The concept of zones of influence is used in societal, earth and life sciences and was 
introduced to the discussion of influence of sound on marine mammals by Richardson et al. 
(1995) [44]. The concept is based on the fact that in order to assess potential effects of man-
made noise on marine mammals, it is important to estimate the radius within defined acoustic 
effects are expected. Even though the Zones of influence concept were developed for marina 
mammals it can be used for other animals as well. Here we used this concept for three 
species from different animal groups to illustrate a few of these zones. These species are the 
Harbour porpoise (Phocoena phocoena), the Atlantic cod (Gadus morhua) and Common 
cuttlefish (Sepia officinalis). Not all zones are estimated for these species as there is 
sometime not enough scientific data to estimate a threshold linked to the zones when 
regarding shipping noise. The scientific thresholds are taken from literature and the other 
task within the AQUO work package 4. However, in order to get data in a relevant format to 
feed into the footprint assessment model these values are adjusted acknowledging the 
limitations such as extrapolation results from laboratory to open ocean, extracting certain 
frequency bands from a broad band signal and setting specific values on transmission loss. 
 
The next step was to set specific scenarios as for behavioural reactions and masking. For 
behaviour reactions, the scenarios were that the animal will show a reaction when the 
received sound pressure levels exceeds the stated threshold. For masking, two specific 
scenarios have been implemented to illustrate the methodology to assess masking from 
shipping noise. The first scenario modelled is the masking of communication signal used by 
male cods during spawning to attract females. If this communication was to be masked out, 
the natural selection could be altered. The second scenario studied is the masking of a 
predator sound. In this case, a killer whale (Orcinus orca) call at 100 m distance from a 
harbour porpoise is considered. By failing to detect the killer whale call, the porpoise has an 
increased risk of being caught. 
 
Once the biological input was provided, they were introduced into the noise footprint 
assessment model, the Quonops® simulation tool, and the above mentioned scenarios were 
simulated. The main objective of this deliverable was to set up the criteria and thresholds that 
are used in the scenarios. The modelling results are reported in AQUO Report D.5.7 
“Assessment of the solutions to reduce impact on marine life” (Folegot et al., 2015 [19]). The 
thresholds and scenarios should be viewed as a first step on how one could assess the 
impact from shipping noise on the marine environment. When more data are available for the 
specific thresholds, the scenarios calculations should be repeated.  
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Introduction 
 
The goal based approach carried out by AQUO is in line with the European Marine Strategy 
Framework Directive (MSFD) of 2008. The anthropogenic activities at sea and industrial 
utilization are at the genesis of this recent environmental protection based directive. One of 
the concerns identified is the increasing noise pollution and its adverse impact on the marine 
fauna.  
 
The aim of the MSFD is to protect, conserve, and where possible, restore marine 
environment in order to maintain biodiversity and provide diverse and dynamic oceans and 
seas which are clean, healthy and productive. To reach these achievements the Member 
States are committed to assess, achieve and maintain the “Good Environmental Status” 
(GES) of their respective waters by 2020. 
 
Addressing this anthropogenic noise pollution into the marine environment is logically paired 
with the continuous increasing commercial maritime traffic. One aspect of AQUO’s 
methodology was to consider the actual marine traffic and to derivate it in terms of noise 
quantification. To do so, several complex issues had to be covered: 

• Develop a noise footprint assessment model, to be deployed on several maritime 
areas of interest 

• Harmonize an underwater noise measurement procedure for a given vessel 
• Lay down noise emission models so as to include the variety of commercial ships and 

corresponding characteristics 
• Consolidate and validate with on-site long-term measurements the propagation 

models used in the simulation tool. 
 
But the final step that really links the anthropogenic noise pollution and the potential impacts 
on the marine fauna lays into the criteria to be retained to reflect the sensitivity of marine life. 
This simple word “criteria” does not really reflect the great complexity and tremendous 
knowledge that should be gathered to prevent from incurring any negative impact on any 
marine species. 
 
The purpose of AQUO and especially of this deliverable is to illustrate the whole 
methodology by a representative set of choices, criteria and hypotheses that could later be 
completed and applied at a wider scale, i.e. getting rid of the constraints linked to these 
hypotheses. 
 
In this deliverable, the reader, and so the regulator, are able to find out how the sensitivity of 
a given species is taken into account in the simulations. As a result, the conclusions that 
come out fulfil the requirements of the MSFD in terms of assessment and empowerment of 
dedicated solutions to reach the GES. 
 
At first it is described how the different zones of influence, for the marine life to its whole, 
could be expressed. Then, thanks to the work of acousticians and biologists, more details are 
given, establishing the key link between acoustic levels and effective impact. The focus is 
hereafter made on three species representing different animal taxa and ecological roles: 

• Harbour porpoises (Phocoena phocoena) 
• Atlantic cod (Gadus morhua) 
• Common cuttlefish (Sepia officinalis) 

 
For these specific species (pictures in Figure 1), key parameters are extracted and constitute 
the key input of the modelling tool. 
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After recalling the concept and needs of the shipping noise footprint assessment model the 
simulation inputs are presented.  
 
Finally, thanks to the logical smart architecture of the methodology it will be then 
straightforward to complete this status assessment by the corresponding scenario of a given 
noise source level reduction and conclude to its performance. 
 

1. Sound in the water and marine animal hearing 
 
An acoustic sound wave consists of both sound-pressure variations and particle motion 
indicating the displacement, the velocity and the acceleration of the particles in the sound 
wave. Sound pressure is measured using commercially available hydrophones, while the 
particle motion components requires specially made sensors which are very few in numbers 
and many are in experimental versions (for examples see Sigray & Andersson 2011 [49]). 
This limits the amount of available data on source levels and reaction thresholds in terms of 
particle motion. An alternative at hand is to determine the acoustic impedance numerically 
however this only works in a boundary free environment, which is not the case in shallow 
waters.  
 
When fish that have a swim bladder are exposed to a sound wave, there is a consequent 
pulsation through the swim bladder. The oscillating movement of the swim bladder is 
transferred to the inner ears as vibrations and where hearing stones, the otoliths, registers it 
as sound. The otolith organs consist of three semi-circular tubes in x, y and z axis with a 
dense calcareous stone, the otolith at its base suspended above a sensory epithelium. This 
gives the animal the possibility to detect the direction from where the sound is coming from. If 
the swim bladder has a mechanical connection or are situated close to the inner ears, the 
transfer of pressure to motion are increased, thus the sensitivity to pressure are increased. 
Fish can thus be sensitive to pressure component as well as the particle motion of the sound 
field (Popper & Fay 2011 [43]). If the fish have a mechanical connection between the swim 
bladder and the inner ear, this normally results in an increased sensitivity both regarding the 
frequency and the sound level (Popper & Fay 2011 [43]). Fish without a swim bladder like 
flatfishes and fast swimming pelagic species like mackerel and tuna, cannot detect sound 
pressure, only particle motion. Marine mammals are sensitive only sound pressure by their 
hearing organs and not particle motion.  
 
Invertebrates like squids have neither otoliths nor a swim bladder but detect particle motion 
via their statocyst, an organ similar to the fishes’ inner ear with a dense statolit surrounded 
by sensory hair cells (Budelmann and Young, 1984 [8]). Especially for fish, it is thought that 
the particle motion component of the sound is very important when studying reactions to 
noise and shipping noise especially (for a review see De Robertis & Handegard 2012 [13]; 
Popper et al. 2014 [44]) and since squids cannot detect sound pressure, this is most likely 
true form this group of invertebrates as well. However, as mentioned earlier there are large 
gaps in available data on sound in terms of particle motion levels from ships and impact 
thresholds in fish and invertebrates. Therefore this stud will only present data on sound 
pressure, acknowledging the need for more measurements of ship noise, audiograms and 
behavioural studies related to particle motion for these two animal groups. 
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Figure 1 Species used in this study representing different animal taxa in terms of sensitivity to sound and 
ecological role. Top picture Harbour porpoises (Phocoena phocoena) © Mathias Andersson, middle; Atlantic cod 
(Gadus morhua) © Mathias Andersson, bottom; Common cuttlefish (Sepia officinalis) © Michel André. 
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2. Zones of influence 
The concept of zones of influence is used in societal, earth and life sciences and was 
introduced to the discussion of influence of sound on marine mammals by Richardson et al. 
(1995). The concept is based on the fact that in order to assess potential effects of man-
made noise on marine mammals, it is important to estimate the radius within which acoustic 
effects are expected. They defined (at least) four criteria for defining the radius or zone of 
influence. The most extensive of these zones is the area within which the mammal might 
hear the noise is the zone of audibility. Within the zone of audibility, behavioural and/or 
physiological response(s) can be evoked by sound at ranges smaller than the zone of 
audibility as marine mammals often do not react to noises that are faint but presumably 
audible. The zone of masking is the region within which sound is strong enough to interfere 
with detection of other sounds, such as communication or echolocation calls, prey sounds, or 
other natural environmental sounds. The zone of masking is highly variable in size. The zone 
of impairment includes temporary threshold shift (TTS) where the sound is strong enough to 
lead to a temporarily reduced sensitivity of auditory perception. The zone of injury includes 
permanent hearing loss (PTS), discomfort, or injury is the area near the sound source where, 
for explosions and possibly some other strong sources, the received sound level is high 
enough to cause discomfort or tissue damage to auditory or other systems.” (Richardson & 
Malme, 1995 [44], see Figure 2). 
 

 
Figure 2 Summary of potential noise induced effects: Relationship between noise levels, distance, and potential 
effects (adapted from Dooling & Blumenrath 2013 [14]). 

These zones of noise influence on marine mammals are a conceptual approach and defining 
the boundaries of each zone has been proven extremely difficult due to the complexity of 
factors involved: the source level and spectral characteristics of a man-made noise, together 
with its rate of attenuation with increasing distance, determine its level and characteristics at 
various distances from the source. The level and spectral characteristics of the natural 
ambient noise determine the range at which a man-made noise diminishes below the natural 
background noise and becomes inaudible. Levels, spectral characteristics, and directionality 
of marine mammal sounds affect the distance to which they can be heard by conspecifics or, 
in the case of echolocation, the distance to which echoes from a given target can be 
detected. The functions of mammal sounds are important in evaluating effects of acoustic 
masking.  
 
Ship noise has the potential to acoustically interfere with the acoustic perception of harbour 
porpoises. The sound emitted by ships can decrease the perceived loudness of the signal, 
may make a given change in the signal less discriminable, or may make the signal inaudible 
for the listening/receiving animal. While discrimination and recognition of signals are 
important in the ecological context, they are extremely difficult to determine in animal studies. 
Masking does not necessarily trigger a behavioural response in an animal, but rather cause 
the absence of a behavioural response. Failing to detect and appropriately react to the 
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presence of a threat (a predator) or a conspecific may have serious impacts on fitness of the 
animal (Hermannsen et al. 2014 [24]).  
 
Hearing abilities of marine mammals are important in estimating zones of acoustic influence, 
as are the known reactions to man-made noise (Richardson & Malme, 1995 [44]). Except for 
temporary threshold shift (TTS), which was determined at least for a limited number of 
species (see Finneran & Jenkins 2012 [17] for review), a definition of thresholds is still 
lacking. Therefore, many assumptions must be made in predicting radii of acoustic influence 
on marine mammals. As existing data are rarely adequate to allow precise predictions, 
models have been developed (Population Consequences of Acoustic Disturbance, PCAD: 
National Research Council, 2005; Population Consequences of Disturbance, PCoD: see 
King et al. 2015 [31]) to help assessing the potential effects and their ranges in order to 
‘protect’ marine mammals from some noisy human activities. Also, radii of influence for a 
given noise source and mammal will vary greatly with time, location, and other factors.  

3. Acoustic thresholds 
Even though the Zones of influence concept are commonly applied for marine mammals it 
can be used for other animals as well. Here we used this concept for three species from 
different animal groups to illustrate a few of these zones. These species are the Harbour 
porpoise, the Atlantic cod and Common cuttlefish. Not all zones are estimated for these 
species as there is sometimes not enough scientific data to estimate a threshold linked to the 
zones regarding shipping noise. Table 1 reflects the scientific thresholds taken from literature 
and from the other tasks within the AQUO work package 4 “Sensitivity of marine life to 
shipping noise”. However, in order to get data in a relevant format to feed into the ocean 
shipping noise footprint assessment model these values are adjusted acknowledging the 
limitations listed below. 

3.1. Harbour porpoise (Phocoena phocoena) 
For mammals, the toothed whale harbour porpoise was chosen as it is a common species in 
the northern hemisphere and is distributed throughout almost all European waters 
(Hammond et al., 2013 [21]). It is a species well studied in terms of its hearing ability and of 
the impact from noise. The Harbour porpoise is also recognized as a species of conservation 
importance under several directives and conventions. This includes Annexes II and IV of the 
EU Habitats Directive and Appendix II of the Bonn Convention.  
 
Audibility 
These animals rely on their acoustic sense to find prey, orientate themselves and avoid 
obstacles or predators (‘echolocation’; Au, 1993 [5]; Tyack & Clark 2000 [50]; Morisaka & 
Connor 2007 [36]). Andersen (1970) [2] and Kastelein et al. (2002 [27], corrected in 2010 
[30]) showed that harbour porpoises have their best hearing sensitivity between 16 and 140 
kHz (best sensitivity at 100 kHz: 44 dBrms re 1 µPa) with a lower/upper limit in their functional 
hearing (equivalent to � 60 dB above best sensitivity) of <500 Hz and >160 kHz, respectively. 
In the 1/3 octave band 2 kHz centre frequency, the porpoises sensitivity is 74 dBrms re 1 µPa 
which is used in the model to estimate zone of audibility. They have good directional 
sensitivity for frontal-oriented signals and poor sensitivity for signals coming from behind 
(Kastelein et al. 2005 [29]). For low-frequency signals, however, directional sensitivity is low.  
 
Reaction 
Harbour porpoises can be found throughout the North Sea, including areas of high shipping 
intensity (Hammond et al., 2013 [21]). Due to their poor hearing sensitivity at low-frequencies 
in lieu with the fact that most acoustic energy of ship noise is centred below 500 Hz this 
species would theoretically not be likely to be impacted significantly by ship noise. However, 
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Barlow et al. (1988) [5] as well as Palka & Hammond (2001) [39] documented avoidance 
behaviour of harbour porpoises in response to noise emissions from distant ships. Dyndo et 
al. (2015) [15] measured a substantial increase in underwater sound in the mid- to high 
frequency range during the passage of vessels at ranges of >1000 meters in shallow waters 
and documented simultaneous strong behavioural responses in harbour porpoises.  
 
As low frequency sound does not propagate well in shallow water (Forrest et al. 1993 [20]) 
this suggests that the animals can hear and reacted to the mid- to high frequencies 
components of the sound. Hermannsen et al. (2014) [24] provide over 20 different recordings 
of ship noise which was substantially above ambient noise across a broad frequency range 
from 25 Hz up to 160 kHz. These sounds would be within the range of most sensitive hearing 
of the harbour porpoises. Dyndo et al. (2015) [15] showed mean onset of strong behavioural 
reactions in harbour porpoises at a level of 123 dBrms re 1 � Pa (broadband; 2-100 kHz; M-
weighted; ranging from 113 to 133 dB re 1 � Pa), a level routinely encountered by free-
ranging animals from passing ships at a range of more than 1 km. 
 
Masking 
Within AQUO project (AQUO D4.3 [32]) the masking effect of ship on four harbour porpoises 
was tested at frequencies between 0.5-16 kHz in a controlled acoustic environment at two 
facilities in the Netherlands. A statistical noise resembling the underwater acoustic signature 
of ships (red noise, with a spectral maximum at 100 Hz, decreasing in power by 6 dB per 
octave) was used as masker for narrowband stimuli (Lucke et al. 2015 [32]). The results 
show that masking is a frequency dependant effect, with a median Signal-to-Masker Ratio 
(SMR) for red noise remaining below 14 dB at low frequencies (� 1.4 kHz) before increasing 
to over 20 dB at higher frequencies, with a maximum median SMR of 28 dB at 5.6 kHz 
(individual SMR reaching 41 dB at 16 kHz). Even though the acoustic energy of ship noise is 
reduced at these higher frequencies, the hearing sensitivity of the animals is increased by 40 
dB over the same frequency range in the absence of noise, indicating not just enhanced 
sensitivity but also enhanced signal detection capabilities in this frequency range. 
 
The range over which ship noise will mask the auditory perception of narrowband signals for 
harbour porpoises can only be modelled/calculated if the source level (SL), the ambient 
noise level as well as the spectral and temporal characteristics of the ship’s acoustic 
signature are known and the sound propagation can be modelled for the area. The closer an 
animal is to the sound source or the louder the emissions from the sound source, the louder 
a narrowband signal has to be, in order to be detectable (given a complete temporal and 
spectral overlap between signal and masker; note that effects for release from masking exist 
which haven’t been tested in harbour porpoises). Depending on the frequency content of the 
signal, this masking effect varies. Here, the median source level of the vocalisations 
(whistles) of a killer whale (Miller, 2006 [33]) has been chosen for the model as biologically 
significant acoustic signal (see also Figure 3).  
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Figure 3 Spectrogram and waveform of a killer whale call. The x-axis represents Time in seconds, the y-axis 
frequency in Hz (upper graph) and relative amplitude (lower graph). 

3.2. Atlantic cod (Gadus morhua) 
For fish, the Atlantic cod was chosen as it an important species both in terms of its ecological 
role but also for commercial fisheries. The cod belongs to the family of the Gadidae and can 
be found in most parts of the North Atlantic, from shallow to deep waters (0-500 m). It has 
been studied to some extent in terms of its hearing abilities and of impact from noise.  
 
Audibility 
Cod has a closed swim bladder that is located in the middle of the body, enhancing their 
hearing sensitivity to sound pressure to some degree (Chapman and Hawkins 1973 [12]). 
For most fishes, it is assumed that the perceived noise level is integrated within a certain 
frequency band called the critical band (Popper and Fay 1973 [42]). Most studies on cod 
hearing has been done in the 1960th to the 1980th and at that time, the today commonly used 
1/3 octave bands was not used. Therefore, published data have to be recalculate to fit 
today’s measures. For cod, its frequency dependent hearing was studied by Hawkins and 
Chapman (1975) [23]. They found that the critical band width for 60 Hz and 100 Hz was 64 
and 71 dB re 1 � Pa respectively. Within this frequency range, the today commonly used 
centre frequencies 63 Hz are found although the 1/3 octave bands are more narrow. For the 
MSFD the 63 and 125 Hz 1/3 octave bands are used, we therefore recalculate audiograms 
into these two frequencies by interpolation.  
 
Cod have an unconnected swim bladder (Popper 2003 [41]) and are sensitive to pure tones 
in the frequency range 30-470 Hz, with greatest sensitivity in the range 60-160 Hz (Chapman 
and Hawkins 1973 [12]). The interpolated detection threshold are 79 dB 1 � Pa for the 63 Hz 
and 75 dB 1 � Pa for the 125 Hz 1/3 octave band. Further, in order for a fish to be able to 
separate a signal from other noise sources, a sufficient signal to noise ratio is needed. For 
this modelling exercise we add 6 dB to the audiogram value. This value is probably an 
underestimation but makes the signal detectable for a fish. This is the minimum signal-to-
noise value that is likely to be interpreted. Then the threshold used in the modelling is 85 and 
81 dB 1 � Pa for the 63 and 125 Hz 1/3 octave band. Worth mentioning is also that cod can 
determine the direction and distance of a sound source (Buwalda et al. 1983 [11], Schuijf and 
Hawkins 1983 [45]), although the mechanisms behind it are not yet entirely known.  
 
Reaction 
There are a few studies show behavioural reaction by cod to ship noise (including noise from 
a fishing trawl). Examples of these reactions could be that the shoal is moving horizontally 
away and downwards in front of passing vessel and even an approaching vessel (Buerkle 
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1974 [10], Ona 1988 [39]). Flight reaction away from the source has also been shown for 
caged cods with playback of vessel noise (Engås et al. 1995 [16]). In an early ICES paper, 
Mitson (1995) [33] concluded that cod could show behavioural reactions to broad band levels 
of about 30-40 dB above hearing threshold depending of frequency and ambient noise. This 
level correlates with findings from the AQUO project (AQUO D4.2), (Andersson et al. 2015 
[1]) that show that a wild cod reacted to shipping noise of about 120 to 140 dB re 1 � Pa (10-
500 Hz). In order to use this information into the ship noise footprint model, the sound 
pressure levels in terms of 1/3 octave bands need to be estimated, acknowledging that the 
fish was reacting to a broad band noise and we extract only two bands out of that broad band 
signal. For the 63 Hz and 125 Hz octave band the threshold was 115 dB re 1 � Pa and 131 
dB re 1 � Pa respectively. These thresholds are used in the modelling. 
  
Masking 
Cod uses sound for various things such as orientation, finding pray and communicating with 
other individuals during spawning and antagonistic interactions. Shipping noise can mask out 
important natural environmental sounds or interspecies communication. Cod produce sound 
by repeatedly contracting a drumming muscle situated around the swim bladder (Brawn 1961 
[7]). These sounds could be knocks, humming and rumbling or grunts. The grunt is the most 
studied sound and has a short duration, typically less than 300 ms and is composed of a 
series of pulses with the main energy at 45-500 (Hawkins & Rasmussen, 1978 [22]; Finstad 
& Nordeide, 2004 [18]). The grunt has a fundamental frequency ranging between 45 to 90 Hz 
with two to three overtones. The source level of one grunt has been roughly estimated to 127 
dB re 1 � Pa at a distance of 1 m in a tank (Nordeide & Kjellsby 1999 [38]). However, there is 
no more information on narrowband levels or in 1/3 octave bands. Based on recordings of 
cod grunts in Swedish waters (Figure 4) the spectral components where analysed and fitted 
to the source level of 127 dB re 1 � Pa. This gives a source level of 114 and 125 dB re 1 � Pa 
for the 63 Hz and 125 Hz respectively, in 1/3 octave bands. There was some ambient noise 
influence on the frequencies < 100 Hz which makes the 125 Hz band most useful. In this 
report, we use this estimated source level to calculate the area of which a cod’s call are 
masked out by shipping noise and thus not detectable for another cod. 
 

 
 

Figure 4 Spectrum in 1/3 octave bands of a cod grunt recorded in Swedish water before adjusted to published 
source level. Note that there is a lot of ambient noise below 100 Hz. 
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3.3. Common cuttlefish (Sepia officinalis)  
For invertebrates, the scientific data is scarce. Only a few invertebrate groups have been 
investigated on hearing ability and the impact from noise. However, it is clear that many 
invertebrates such as jellyfish, crabs, lobsters and cephalopods may be sensitive to noise. 
Especially cephalopods like cuttlefish, octopus and squids have been tested and some 
audiograms exist. For this study, the common cuttlefish was chosen, and the results are 
reported in (André et al., 2015 [4]). The common cuttlefish is native to at least the 
Mediterranean Sea and the North Sea, although subspecies have been proposed as far 
south as South Africa. It lives on sandy and muddy seabeds down to a depth of around 200 
m. As in most cuttlefish species, spawning occurs in shallow waters. 
 
Audibility 
Amongst other less sensitive-to-noise tissues, the statocysts have been presumably 
considered the best candidates to sound perception. All cephalopods have a couple of 
statocysts generally located within the cephalic cartilage. The statocysts are sophisticated 
balloon-shape bodies filled with endolymph that contain the sensory hair cells which lie on 
the inside wall of the inner sac and are grouped into two main areas of sensory epithelium 
(macula and crista). The statocyst perception systems of cephalopods have raised an 
increasing interest (Budelmann and Young, 1984 [8]). Many authors studied in depth the 
gravity receptor system while others have almost completely described the angular 
acceleration receptor system (Budelmann et al., 1987 [9]). More recent works show a good 
approach of the study of neuronal and synaptic organization (Williamson and Chrachri, 2007 
[51]).  
 
There is, however, a considerable lack of information concerning the cephalopod reception of 
the sounds process. Although to date there is no definitive scientific evidence for it, 
statocysts may play an important additional role in low frequency sound reception (Hu et al., 
2009). While there is uncertainty regarding the biological significance of particle motion 
sensitivity versus acoustic pressure, recent electrophysiological methods confirmed the 
species’ sensitivity to frequencies below 400 Hz (Kaifu et al., 2008 [26]; Hu et al., 2009 [25]; 
Mooney et al., 2010 [35], André et al., 2011 [3]). Cuttlefish audiogram is not known but ABR 
experiments on Loligo pealeii (Mooney et al., 2010 [35]) showed sensitivity at 120 Hz stimuli 
to be around SPL 110 dB re 1mPa (Figure 4). 

 
Figure 4. Thresholds of 15 Loligo pealeii presented in dB re 1mPa determined by visual inspection (full 
audiograms were not collected for all animals) taken from Mooney et al. (2010) [35]. Responses were 
generated using the underwater speaker. Black circles and the solid black line show the mean visually 
determined thresholds; grey squares and the thick grey line show the mean FFT determined 
thresholds. 
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Reaction/Injury 
The possible effects of an acoustic impact on cephalopods are also little known. In fact, there 
is limited knowledge on the effect of noise in invertebrates in general. Indeed, although 
startle responses were observed in caged cephalopods exposed to airguns (McCauley et al., 
2000), no further studies addressed, until very recently (André et al., 2011) noise-induced 
morphological changes in these species and, although there is now evidence that the 
cuttlefish statocysts present acoustic trauma after exposure to low frequency sounds (Solé et 
al., 2012 [46], 2013 [47]) there is not yet enough data to quantify these reactions and injuries 
to establish threshold values. Since masking is not an issue for these species as they 
apparently do not make use of sound, the only reference values that can be taken into 
account in this exercise are the data presented by André et al. (2011 [3], 2015 [4]) and was 
performed in AQUO WP4 task 4.2.3 and reported in (AQUO D4.4 [4]). This study shows that 
repeated sweeps of 50-400 Hz (Figure 5) with a sound pressure level of 157 ± 5 dB re 1� Pa, 
with peak levels at 175 dB re 1 � Pa triggers acoustic trauma both in laboratory and at-sea 
conditions. The estimated threshold levels for 1/3 octave bands at 63 Hz and 125 Hz were 
about 107 and 119 dB re 1� Pa2, respectively. 
 
 

 
Figure 5 Power spectrum of the signal used in in André et al. (2015) to study acoustic trauma in the 
cuttlefish. 
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4. Footprint assessment model 
Continuous noise monitoring and noise mapping are operational for three areas in the 
Mediterranean Sea, and in the Atlantic Ocean chosen in the scope of AQUO Project (AQUO 
D1.6 [27]). This major achievement has been made possible thanks to the joint effort 
between Quiet-Oceans (Brest, France) and the Laboratori d'Aplicacions Bioacustiques 
(Barcelona, Spain) which have merged their real-time modelling, analysis and measurement 
capabilities. The noise mapping service has been fully operational since February 2014, and 
has demonstrated a high level of quality with uncertainties of less than 3.8 dB in the 125 Hz 
third-octave band over a 6-month period at OBSEA observatory. 

4.1. Concept 
Quonops© operational real-time capability is able to produce series of instantaneous acoustic 
field data in order to derive statistical trend for a frequency band of interest (for example the 
third octave 125 Hz) and for different temporal metric (6h, daily, weekly, etc.) To do this, 
Quonops© is connected to different data sharing platforms in order to provide at each instant 
the bathymetry, the AIS traffic in the large area, the temperature, the salinity, the significant 
wave height and the in-situ measurement (Figure 6). 

4.1. Implementation 
The collection of the input data, and the analysis performed to assess the quality of each 
data is running routinely by the Quonops© platform. A specific process is done for AIS 
navigation data that extrapolate the position of each vessel at a specific instant and to 
associate a generic noise URN in accordance with the vessel category, speed and length. 
The 3D acoustic energy field is calculated by Quonops© which takes into account the specific 
oceanographic environment of the basin. A 2D percentile map of noise energy for the 63 Hz 
and 125 Hz third octave band is then made available. The instantaneous acoustic field is 
converted in a probability of level (cumulative distribution function) for each location (latitude, 
longitude) by taking into account a series of acoustic fields in a given time window. For each 
multiple of 6 hours, the 50% percentile map is computed and gives the acoustic trend in the 
area and the difference between day/night. In the same way, after 24 hours the statistic map 
for 50% percentile is computed and gives the daily acoustic trend. Long-term statistics is also 
calculated, at the monthly and quarter time resolution. 
 
The procedure adopted for Quonops© to calibrate the noise fields is to assimilate punctual 
measurements that have been specifically processed for each one-third octave frequency 
band of interest. To calibrate the statistical map, we compare at the hydrophone position the 
acoustic levels measured and predicted for different equivalent assumed bottom properties. 
This method has been implemented on data from the OBSEA observatory. The LIDO system 
(Listening to the Deep Ocean Environment developed by LAB-UPC) provided acoustic data 
recorded continuously. Indeed, every 20 seconds, LIDO provides the SPL values integrated 
in a time window of 20 seconds for the third octave bands 63 and 125 Hz. A temporal series 
of five months (March to July) has been chosen for the development and validation of the 
algorithms. After applying the calibration process, the best equivalent bottom found is the 
muddy fine sand and an equalization factor of 13 dB. The quality of the assessment is 
estimated for natural noise and anthropogenic noise, the overall uncertainty for the whole 
period are 1.5 dB and 3.8 dB in mean respectively. 
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Figure 6 Concept of operational ocean noise based on a real-time capability. 
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5. Modelling input 
Based on the output from chapter 3, data on thresholds and other parameters are adjusted to 
fit into the modelling. The modelling exercise of masking and behavioural risks is done on 
harbour porpoise and Atlantic cod alone and not cuttlefish as there is a limitation in useful 
data at the moment. 

5.1. Selected masking scenarios 
The assessment of masking needs to be done for specific use of sounds by the species on a 
case per case basis. The modelling results are reported in AQUO Report D.5.7 Assessment 
of the solutions to reduce impact on marine life (Folegot et al., 2015 [19]). For behaviour 
reactions, the scenarios is that the animal will show a reaction when the received sound 
pressure levels exceeds the stated threshold. For masking, two specific scenarios have been 
implemented to illustrate the methodology to assess masking from shipping: 
 

1. Masking of communication signal used by male cods during spawning. Male cod uses 
low frequency (< 500 Hz) broadband sounds (grunts) to attract female cod. The fish 
are located in the depth interval from the bottom to 50 m up in the water column. We 
have used Rmax=20m as the averaged distance between female and male cods to 
evaluate the risk of masking of this signal from shipping noise (Figure 7, left). If this 
communication was to be masked out, the natural selection could be altered. 
 

2. Masking of a predator sound, in this case a killer whale (Orcinus orca) call located at 
Rmax=100m distance from a harbour porpoise. By failing to detect the killer whale call, 
the porpoise has an increased risk of being predated on (Figure 7, right). 

 

 

 

  
Figure 7: Left: Scenario used to evaluate the masking of spawning cod sounds from shipping noise. Right: Scenario 
used to evaluate the masking of Killer whale (predator) calls from shipping noise. 

5.2. Summary of the thresholds used for modelling 
From scientific data of threshold for the zones of influence the data were adjusted to fit into 
the footprint assessment model. The next step was to set up scenarios as described above. 
Several assumptions are needed to be done in order to run the scenarios, acknowledging the 
limitations as stated in chapter 3. Specific thresholds and ratios are found in Table 1. 

5.2.1. Thresholds for harbour porpoises used for mo delling  
The masking threshold used for harbour porpoises has been calculated from the mean 
source level of a Killer whale call (Miller, 2006 [33]) from which a spherical spreading loss 
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has been deduced over a distance of 100m (distance between the Killer whale and the 
Harbour porpoise in our scenario) as well as the Signal-to-Masker ratio (Lucke et al. 2015 
[32]). The spherical spreading assumption is reasonable since the wavelength is rather small 
compared to the water depth in most places studied, and the distance between the two 
species is limited to 100m. 
 
The threshold for potential behavioural reaction is derived from the scientific threshold given 
by Dyndo et al. (2015) [15], scaled to the 1/3-octave band centred at 2 kHz. 
 

5.2.1. Thresholds for Atlantic cod used for modelli ng  
The masking threshold used for Atlantic cod has been calculated from the thresholds 
measured in the framework of AQUO, from which a spherical spreading loss has been 
deduced over a distance of 20 m (distance between female and male cods in our scenario) 
as well as the detection threshold of 6 dB (acknowledging that this is a very low signal-to-
noise ration). The spherical spreading assumption is reasonable since the distance between 
the two species is limited to 20m. 
 
The potential behaviour reaction thresholds have been taken from the scientific results 
obtained in the framework of AQUO, without any modification. 
 
Table 1 Criteria used to model the effect of shipping noise on marine fauna at basin scale as provided by D4.3 
“Criteria for bioacoustic sensitivity of maritime areas.” 

 Harbour porpoise  Atlantic cod  
Frequency (third octave band) 2 kHz  63 Hz 125 Hz 
Depth interval (m) Surface – 20m down Bottom – 50m up 
Signal to Masker Ratio (SMR) 18.6 dB 6 dB 

Masking 
Rmax (m) 100 20 20 
(dB ref 1µPa²) 961 822 933 

Behaviour reaction (dB ref 1µPa²) 1184 115 131 
 
1 155 - 20log10 (Rmax) - SMR in dB ref. 1µPa² in the 1/3 octave band 
2 114 - 20log10 (Rmax) – SMR in dB ref. 1µPa² in the 1/3 octave band 
3 125 - 20log10 (Rmax) – SMR in dB ref. 1µPa² in the 1/3 octave band 
4 123 - 31.47 (octave band) + 26.63 (1/3 octave band) in dB ref. 1µPa² in the 1/3 octave band 
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6. Use of bio-acoustic criteria in AQUO methodology  
 
The role of the work package 4 and of this subtask 4.3 is to understand as the key element 
that links the modelling scenarios and the results (the assessment of the impact of shipping 
noise on marine life). Indeed, the final assessment part of the AQUO methodology is split as 
follows: 
 

·  For the defined area the models (noise sources and propagation laws) have been 
calibrated and validated and with respects to in-situ long-term recording of 
underwater noise; 

·  At this basin scale a reference scenario is chosen, corresponding to actual ship traffic 
in a given time interval; 

·  Variants of the reference scenario are defined in order to test different possible 
mitigation measures (mainly depending on traffic scale solutions e.g. fulfilment of BV 
Rule note “controlled-URN” for all ships in the area); 

·  Out of the work carried out in the other sub-tasks of WP4 criteria are extracted. These 
criteria are a combination of : 

o Species of concern 
o Behaviour studied 
o Quantitative value 

·  For instance : 
o Harbour porpoise 
o Atlantic cod   
o Masking effect 
o Received level above which masking effect is likely to occur  

·  The criterion is integrated in the simulation tool so as to indicate the corresponding 
shipping noise footprint 

·  The result is typically plotted on a map. From these results statistical values of 
interest can be combined and extracted e.g.: number of days over a percentile x of 
the total area where is likely to incur masking impact for harbour porpoise. 
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7. Conclusion 
 
In this deliverable it has been detailed what criteria were used in the simulations carried out 
in AQUO. Two different species have been investigated in the project: 

• Harbour porpoises (Phocoena phocoena) 
• Atlantic cod (Gadus morhua) 

 
The modelling exercise of masking and behavioural risks is done on harbour porpoise and 
Atlantic cod alone and not on cuttlefish as there is a limitation in useful data at the moment. 
 
Completing the state-of-the-art and the most recent knowledge in this area, three sets of 
experiments have been conducted. From the respective results it has been possible to 
identify some key potential impacts and to quantify it in terms of acoustic threshold so as to 
be implemented in the Quonops® simulation tool. 
 
The work summarized in this deliverable is the last step which completes the Ocean shipping 
noise footprint direct application: assessment on real cases of a given impact, on a defined 
species in an identified area concerned by shipping noise. 
 
The current knowledge gaps and other hypotheses related limitations do not prevent the 
methodology to be deployable. Nevertheless, to enhance the relevancy of the approach 
many efforts are needed. 
 
From biologist point of view, similar investigations on other species are needed. The 
procedure followed within AQUO to study fish displacement could be reproduced on other 
fish species. The masking experiments carried out for the harbour porpoises revealed to be 
very promising and brought interesting quantitative results. Conducting similar investigations 
on other mammals would have to rely on AQUO’s feedback to be as efficient as possible. 
Finally, the very innovative results out of experiments on cuttlefishes are an encouragement 
to study in more details both behavioural impacts on this species and on other invertebrates. 
 
Regarding the regulator it is obvious that the readiness of the Quonops® tool fully relies on 
the quality of the inputs. Furthermore, the future mandatory step to really have a detailed and 
quantified assessment of the environmental status in a given area is to couple AQUO’s 
methodology’s results with a continuous observation of the marine fauna. Resulting 
satisfactory cross correlations would then confirm the relevancy of the criteria retained. 
Shouldn’t be the case authorities and biologists will have to implement complementary bio-
acoustic criteria. 
 
Finally, as mentioned previously, the particle motion measurements and effects have not 
been investigated in this project. As many fishes and invertebrates are known to be much 
more sensitive to that physics, further research is highly expected from sensors to show 
effects on fauna via the whole quantification definition. 
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