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a b s t r a c t
The short-term behavioural effects of two types of boat noise were tested on Gobius cruentatus and Chromis
chromis, i.e. one permanently and one temporarily benthic vocal ﬁsh species living inside the WWF-Natural
Miramare Marine Reserve (Northern Adriatic Sea, Italy). The underwater noises produced by a 26-m tourist
ferry and a 5-m ﬁberglass boat were recorded inside the core zone of the reserve. Each type of boat noise was
subsequently played back in situ to 10 animals per species (C. chromis males caring their nests or G.
cruentatus in their shelters).
The 1/3 octave spectra of recorded sound pressure levels were compared to the underwater ambient noise
level and to sound pressure level measured at the hearing threshold of the two species. The boat noise levels
have been calculated in terms of particle acceleration for both ﬁeld measurements and in situ playback
projections and subsequently compared to the available measured values of particle acceleration at the
hearing threshold.
The animals were free to move in all directions during the whole experimental session. The behaviour of each ﬁsh
was videotaped by an underwater camera for a total of 10 min (5 min before and 5 min during the noise playback).
No short-term behavioural reaction (aversion) was observed in any of the specimen of the two species during the
playback of the recorded noises, therefore suggesting no impact. However a time-budget analysis revealed a
signiﬁcant change in the total time spent in caring their nests (C. chromis) or inside their shelters (G. cruentatus).
This result highlighted how analyzing ﬁsh reaction on a short-term might underestimate the effects of noise
disturbance and indicated that the overall ﬁsh behaviour should be considered to assess noise impact.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Worldwide concern about the impact of noise pollution on aquatic
fauna is growing in these years. There is an increasing amount of
scientiﬁc evidence that anthropogenic noise can harm marine species
(Tyack, 2008). While noise pollution has been recognised to be steadily
growing in the world's oceans (Andrew et al., 2002), this phenomenon is
still largely unmonitored in coastal areas. A major source of lowfrequency noise (under 1000 Hz) in marine species living in highly
anthropized coastal areas comes from boats and vessels, since their
number, distribution and mobility are very high (Greene and Moore,
1995; Richardson and Würsig, 1997).
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Boat noise represents a chronic source of harassment (HavilandHowell et al., 2007) for ﬁsh species (Popper, 2003), whose
communication for inter- and intra-sexual selection is mainly based
on low-frequency sound signals (Ladich and Myrberg, 2006; Myrberg
and Lugli, 2006). It has been recently shown that boat noise may
induce endocrine stress response (Wysocki et al., 2006), as well as
diminish hearing ability and mask intra-speciﬁc relevant signals in
exposed ﬁsh species (Scholik and Yan, 2002; Amoser et al., 2004;
Vasconcelos et al., 2007; Codarin et al., 2009). In addition, boat and
vessel noises have the capacity to provoke short-term changes in the
spatial position and group structure of pelagic ﬁsh in the water column,
as shown by many studies carried out since the 1960s (for example,
Buerkle, 1974; Olsen et al., 1983; Schwarz and Greer, 1984; Engås et al.,
1995; Soria et al., 1996; Vabø et al., 2002; Mitson and Knudsen, 2003;
Ona et al., 2007; Sarà et al., 2007). The most common boat-induced
behavioural changes in ﬁsh include the temporary cessation of activities,
alarm response, ﬂight reaction or the so-called ‘startle’ response, i.e. a
powerful ﬂexion of the body followed by a few seconds of faster
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swimming (Boussard, 1981). In many species, ﬁsh behaviour is affected
by noise only when a certain threshold in pressure level is reached. Very
often, the previously mentioned short-term changes in swimming
speed have been used to ﬁx the threshold of ﬁsh behavioural reaction to
human noise (Kastelein et al., 2008a), but such noise-response studies
on marine ﬁsh are rare (Akamatsu et al., 1996) and they show marked
differences in the reaction of various species, depending on the
threshold levels of the noise frequencies, the threshold levels at which
a reaction occurs varying per frequency for each species (Kastelein et al.,
2008b). The relationship between the strength of short-term responses
and the underlying sensitivity of wildlife is unlikely to be straightforward (Gill et al., 2001) and ﬁsh reactions depend not only on the
properties of noise but also on the individual context (e.g. location,
temperature, physiological state, age, body size, etc.). As result, much
more information is still needed to understand the behavioural
consequences of anthropogenic noise exposure (Popper et al., 2004).
Interestingly, the application of a time-budget analysis has recently
proved to be a useful tool for assessing human disturbance in several
cetacean species (e.g., Williams et al, 2006; Hodgson and Marsh, 2007;
Dans et al., 2008; Stockin et al., 2008). This technique has never been
applied to ﬁsh species so far, therefore, the aim of this study was (1) to
record, inside a core zone of a coastal reserve, the noise produced by a
tourist ferry and a ﬁberglass boat moving along and inside the Marine
Protected Area (MPA); (2) to ﬁeld-test, through the time-budget
method, short-term effects of both boat noise types on a permanently
and a temporarily benthic soniferous ﬁsh species (Gobius cruentatus and
Chromis chromis) living inside the MPA.
Investigating the impact of boat noise on target ﬁsh species is
particularly relevant for coastal MPAs, which are biologically rich
locations in highly populated regions and deserve protection from
anthropogenic pollutants. Managers of MPAs have recently begun to
study noise (Agardy et al., 2007; Haren, 2007) but far too little is known
about animals hearing capacity, behaviour and ecology to set a standard
or apply an exposure limit with conﬁdence (Popper and Løkkeborg,
2008). This high level of uncertainty underlines the need for local
assessment in noise pollution as well as a precautionary principle as
management rule for sensitive areas (Horowitz and Jasny, 2007).

2.2. Target species
The red mouthed goby, G. cruentatus, is a small benthic member of
the Family Gobiidae and is common in Mediterranean Sea and in
Western Atlantic Ocean. During the year, it lives in rock crevices
(Wilkins and Myers, 1993), defending itself from intruders using visual
and acoustic displays (Picciulin et al., 2006). Acoustic displays consist in
four different types of sounds, ranging in peak frequency from 82 Hz to
185 Hz (Sebastianutto et al., 2008). Recently the species' audiogram, as
well as the audiogram of C. chromis, has been described in terms of both
sound pressure and particle acceleration (Wysocki et al., 2009). The
hearing range of G. cruentatus reaches 700 Hz, with highest sensitivity to
sound pressure at 300 Hz and highest sensitivity to sound particle
acceleration at 200 Hz (Wysocki et al., 2009). Unlike other goby species,
G. cruentatus has a swim bladder (Gil et al., 2002).
The Mediterranean damselﬁsh, C. chromis, is a common small ﬁsh
that lives in shoals in the Mediterranean Sea, between 3 and 30 m deep.
From June to September males synchronously establish territories,
prepare nests and court females through visual displays (Abel, 1961)
and acoustic signals, i.e. broadband pulses, called “pops,” peaking at
about 400 Hz (Picciulin et al., 2002). Females lay demersal eggs that are
guarded and fanned by males until hatching. When hatching of the eggs
is concluded, males leave the nests and rejoin the feeding school; males
remain on their territory for about 10 days. C. chromis' audiogram
reaches an upper frequency limit of 600 Hz and shows highest
sensitivity to both particle acceleration and sound pressure at 200 Hz
(Wysocki et al., 2009).
In the study area, both species live and reproduce in waters between
3 and 7 m deep on a 150-m coastal rocky reef located inside the core
zone of the Natural Marine Reserve of Miramare. Being as far as possible
from the limits of the core area, this reef can be considered the most
protected area. It can be used as a reference point for boat noise
recordings, assuming that if a disturbance from noise recorded at this
point is noticeable, a much larger impact of the stimulus can be expected
along the whole MPA.

2.3. Boat noise recordings
2. Methods
2.1. Study area
The ﬁeld-work has been run at the WWF-Miramare Natural
Marine Reserve, an UNESCO-MAB Biosphere Reserve located in the
Gulf of Trieste (Northern Adriatic Sea, Italy) at 45°42′08″ N and
13°42′42″ E. The area is divided in a core (30 ha) and in a buffer zone
where the maximum depth reaches 18 m. The level of human
presence around Miramare MPA is extremely high compared to more
remote Mediterranean MPAs. The site is less than 8 km away from the
city of Trieste, an important seaport with more than 48 million tons
of ship trafﬁc per year. The site is also very close to a tourist port
characterized by high recreational boat trafﬁc. However, the coastline of the reserve (1700 m) and its offshore area (120 ha) are
densely populated by several ﬁsh species (Guidetti et al., 2005), most
of which spawn during summer. This makes the Miramare Reserve an
important seasonal nursery area in the North Adriatic Sea. A recent
study, which assessed the number of vessels moving in the Gulf of
Trieste and their distance from the reserve (Codarin et al., 2008),
showed that tourist ferry boats that connect different ports along the
local coastline during the summer are a possible source of noise
disturbance for local ﬁsh species, due to their frequency (4 times a
day) and their route, which is very close to the limit of the core zone
of the MPA. In addition, a ﬁberglass boat used by the MPA staff for
moving inside the area during research and educational activities has
been labelled as another source of annoyance.

The noise emissions of a 26-m tourist ferry (TF) with inboard diesel
engine moving at 6 kn along the perimeter of the core zone of the
Miramare MPA and a 5-m ﬁberglass boat (FB) with 40 HP outboard engine
moving at 15 kn were recorded on the 6th June 2004 during daytime in
the coastal rocky reef where ﬁsh density of target species was high (Fig. 1).
A calibrated Reson TC4032 hydrophone (sensitivity −170 dB re 1 V/μPa;
frequency range: 5 Hz–120 kHz) was placed underwater, 4 m deep from a
boat (bottom depth: 8 m) and connected to a Pioneer DC-88 DAT recorder
(sample rate 44.1 kHz, 16-bit) operating on batteries. During the
recordings, water temperature — equal to 18 °C — was measured at the
same depth using a multiparametric 316 CTD-Idronaut probe. The
distances of the hydrophone between TF and FB were 82 m and 1 m,
respectively. Distances were calculated by hand-held GPS. The recording
conditions were: sea state 0–1 (Douglas scale), wind speed 7–15 km/h,
and few clouds (5% clouds at maximum). Each recording lasted 60 s. As a
comparison, 60-second-long samples of the sea ambient noise (SAN)
were collected at the same site and depth when no boats were moving in a
range of 10 nautical miles from the recording point.
Samples of 25 s from SAN, FB and TB were considered for the
analysis, the boat samples included the highest amplitude value of the
noise. The noises were analysed looking at instantaneous sound
pressure levels (SPL, L-weighted, 20 Hz to 20 kHz, RMS fast) with
Spectra RTA (Sound Technology) spectral analyser, operating in 1/3
octave bands. Each recording was previously calibrated with a signal of
100 mV RMS at 1 kHz recorded at the start of each tape. The equivalent
continuous SPL (LLeq) was calculated averaging the instantaneous SPLs
values over 25 s.
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Fig. 1. Map of the Natural Marine Reserve of Miramare. The circle shows the recording point of ambient and boat noises; the square indicates the location of the playback experiment.
The two submerged rocky reefs inside the core area of the reserve are also indicated.

2.4. Relationship between sound pressure, particle velocity and particle
acceleration
In underwater acoustics, till now most of the work considered just the
sound pressure ﬁeld. Transducers (hydrophones) are sensitive directly to
sound pressure, and propagation models are usually dealing only with
calculation of the sound pressure as a function of the source–receiver
distance. On the other hand, we have increasing scientiﬁc evidence (Fay
and Edds-Walton, 1997; Popper and Fay, 1999; Bass and McKibben, 2003)
that particle motion plays an important role in ﬁsh hearing and, within the
context, that particle acceleration may be the most appropriate
component for describing underwater sound.
Water particle motion can indifferently be expressed in terms of
displacement x (measured in m), velocity v (m/s) or acceleration a (m/s2).
Let's focus just on velocity and acceleration. We usually compute levels in
decibel scale according with the following formulas:


pRMS
; po = 1⋅10−6 Pa
po


v
Lv = 20⋅ log10 RMS ; vo = 1⋅10−9 m=s
vo


aRMS
; ao = 1⋅10−6 m=s2 :
La = 20⋅ log10
ao
SPL = 20⋅ log10

ð1Þ

It must be noticed that these reference quantities deﬁne dB scales
which provide a value of 120 dB when, respectively, pressure equates 1 Pa
and acceleration equates 1 m/s2. The velocity level is equal to the
acceleration level just at a very speciﬁc frequency, i.e. 159.15 Hz (so that
ω=2πf=1000 rad/s). At other frequencies, the particle acceleration level
increases by 6 dB/octave with respect to particle velocity level:

La = Lv + 20⋅ log10


f
:
159:15

ð2Þ

2.4.1. Plane-wave (far ﬁeld) relationship
Usually, the relationship between the sound pressure level, the
particle velocity level and particle acceleration level is found

considering a plane wave ﬁeld. For a plane, progressive wave, the
ratio between sound pressure and particle velocity is the “characteristic acoustic impedance” of water:
p
= z = ρ⋅c =
v



kg 
m
1000 3 ⋅ 1500
= 1; 500; 000 rayls:
s
m

ð3Þ

Therefore the relationship between SPL and Lv is:
ð4Þ

Lv = SPL−63:5 dB:

Once Lv is known, we can easily compute also the acceleration level
La, thanks to Eq. (2):

La = SPL−63:5 + 20⋅ log10


f
:
159:15

ð5Þ

The above formulas hold also for spherical waves, if the distance
between source and receiver is much larger than the wavelength (at
least 5 times, that is, “far ﬁeld”). Dealing with the recordings of
passing-by boats in Miramare MPA, since the average distance
between source and receiver was several meters, it can be assumed
that far-ﬁeld conditions occurred. Hence, for the boat noise measurements (and SAN, too), the values of La are obtained by Eq. (5). Table 1
(column 2) reports the values of SPL − La computed according to
Eq. (5).
2.4.2. Spherical-wave (near-ﬁelds) relationship
At distances shorter than 5 times the wavelength, the ratio
between sound pressure and particle velocity is not simply equal to
the characteristic acoustic impedance of water. Instead, the following
equation holds at a distance r from a point source, radiating a
spherical sound wave:
p
ρ⋅c
=
1
v
1 + j⋅k⋅r
in which k is the wave number: k =

ð6Þ
ω
c

=

2⋅π⋅f
c .
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Table 1
Sound pressure level (SPL, dB re 1 µPa) versus, particle acceleration (La, dB re 1 µm/s2)
conversion factors; * from Wysocki et al. (2009).
Column

1

2

3

Frequency
(Hz)

SPL − La (dB)
In pool*

SPL − La (dB)
Far ﬁeld

SPL − La (dB)
Near ﬁeld (0.5 m)

100
200
300
500
600
700
1000

40
38
34
36
36
38
35

68
62
58
54
52
51
48

54
53
53
51
50
49
47

As we are only interested in the magnitude of the velocity signal
compared to the magnitude of the pressure signal, we can discard the
phase, and we obtain:
jvj =

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jpj
1
jpj
1
=
⋅1+
⋅ 1+
:
ρ⋅c
j⋅k⋅r
ρ⋅c
ðk⋅r Þ2

j

j

ð7Þ

Transforming to the dB scale, and converting, as done previously,
velocity to acceleration, we get:


2 


c
f
+ 20⋅ log10
:
La = Lp −63:5 + 10⋅ log10 1 +
2⋅π⋅f ⋅r
159:15
ð8Þ
The spherical wave model works reasonably well for the in situ
playback experiments performed at the Miramare Marine Reserve:
the loudspeaker-receiver distance was 0.5 m and hence the expected
difference between SPL and La can be computed with Eq. (8), as
reported in column 3 (Table 1).
2.4.3. Test pool for hearing threshold measurements
Inside the small basin where the hearing threshold experiments
have been performed, none of the above relationships holds. The true
values of sound pressure and particle acceleration audiograms have
been measured by Wysocki et al. (2009), and reported in their paper,
along with the SPL − La difference: hence these values are also
employed here, as reported in column 1 (Table 1).
2.5. Experimental set-up
An electroacoustics playback system was used, with the aim of
ensuring that each ﬁsh specimen was exposed to a fairly constant
noise level during the whole test.
25-seconds of boat noise was played back in loop for 5 min with a
20 cm diameter underwater speaker (AQ339 Clark Synthesis; frequency range 35 Hz–17 kHz), connected to a Sony TCD-D 100 DAT
recorder and a power ampliﬁer. The underwater speaker was the
greatest constraint on the frequency response of the system; for
example, its sensitivity cut-off of 35 Hz removed the noise produced
by the ferry propeller blade rate. However, the maximum hearing
sensitivity to sound pressure of the target species is located at 200 Hz
(C. chromis) and 300 Hz (G. cruentatus) with an upper frequency limit
of 600–700 Hz (Codarin et al., 2009; Wysocki et al., 2009), where the
speaker does not produce distortion in the reproduced signal.
A series of preliminary tests were run in order to set the volume of
the projected stimuli. Several combinations were tested using the
same experimental settings in terms of distance and position of the
speaker to the recording hydrophone (Reson TC4032), the latter
‘mimicking’ the position of the tested ﬁsh. The played-back noise was
re-recorded, the power spectra calculated with Spectra RTA (Sound
Technology) spectral analyser and the spectra superimposed on the

spectra of the boat noises, in order to compare SPLs and frequency
distributions; the stimuli with the most similar spectrum to the
recorded one were chosen. Finally, the particle acceleration level of
the projected noises at each frequency was calculated applying
spherical-ﬁeld Eq. (8).
Playback experiments were run from July to beginning of August
along the 150-m coastal rocky reef located inside the core zone of the
Natural Marine Reserve of Miramare, which has a maximum water
depth of 7 m. The noises were projected to 10 different animals per
noise type and per considered species (for a total of 20 tested animals
per species), distributed along a section of 35 m of length of reef, at a
depth ranging from 3 to 6 m. The tested ﬁsh were spaced out by at
least 2 m of distance. This allowed the observer to track the animal
individually using focal sampling method.
One ﬁsh per species was tested per day (one session was run
during the morning, another during the afternoon, with a randomization between the two species, completing all experiments between
10:00 and 16:30 local time) in order to prevent any possible effect due
to noise exposure from testing of neighbouring ﬁsh. The order of the
two boat stimuli was randomized across subjects. Due to enforced
restrictions within the naturally protected areas (Ciriaco et al., 1998),
we avoided physically handling animals and/or marking the nest for
multiple testing of the same specimen. Therefore the age/length and
sex of each tested ﬁsh was not sampled and just one replicate per
animal was possible.
The speaker was positioned in situ, i.e. on the rocks of the artiﬁcial
reef located inside the core zone of the Reserve, 3–6 m deep, at a
distance of 50 cm from the tested animal (C. chromis male caring its
nest or G. cruentatus in its shelter) and suspended from a PVC frame so
that the centre of its membrane was at the same level and facing the
ﬁsh. The ﬁsh were free to move in any direction during the whole
experimental session.
The behaviour of each ﬁsh was videotaped by an underwater
camera SONY VIDEO 8 — TR805 (10×) for a total of 10 min (5 min of
silence and 5 min of playback). Before starting the ﬁeld video
recordings we set a distance, near enough to get sufﬁcient
information, overcoming the problem of poor water visibility, but
not too close to disturb the ﬁsh. As we worked in a protected area
where ﬁsh are quite acquainted with SCUBA-divers, this shortened
their ﬂight-distance. Eventually a distance of 1.3–1.5 m from the nest
was the best range. Ten minutes of acclimatization with camera and
loudspeaker turned off occurred before each playback trial; this
allowed the ﬁsh to habituate to the apparatus. In addition, previous
observations indicated that the whole recording and projecting
system did not have an over-riding effect on the ﬁsh behavioural
response (Picciulin, 2004).
2.6. Behaviour data analysis
In order to obtain the time budget of ﬁsh behaviour, all audiovideo recordings were analysed frame-by-frame and behaviour was
classiﬁed and logged on previously prepared ad hoc check-lists using a
software widely used for ethological observations, EthoLog 2.2
(Ottoni, 2000). More in detail, two behavioural units, i.e. ‘stationary
position’ (the ﬁsh stays close to the shelter, above the substrate in a
horizontal position with the pectoral ﬁns spread) and ‘in the shelter’
(the ﬁsh is inside the shelter, therefore it is not visually inspecting its
territory) were considered for G. cruentatus behavioural analysis
according to the ethogram of the species (Picciulin et al., 2006). These
two are critical behaviours for Gobiids, since they rely mainly on
visual perception for social and other activities (Kinzer, 1960). In fact,
when a goby does not patrol its territory by visual inspection,
peripheral overlap of territories between neighbours is observed
(Wilkins and Myers, 1995).
The ‘nest caring’ unit was considered in the analysis of C. chromis
behaviour. This unit includes all the single patterns and postures
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associated both with cleaning of the spawning-place and with egg
care and is easily recognizable due to the contact or to the very close
proximity of the C. chromis male to its nest (Verginella et al., 1999).
A Wilcoxon signed-ranks test was applied during the observation
of behaviour in the two conditions (the 5-min period of silence versus
the 5-min period of noise playback). Statistical tests were run using
Statistica 6.0 for Windows (StatSoft, Inc.).

3. Results
3.1. Boat noise characterization
The equivalent continuous SPL (LLeq, 25 s) of the tourist ferry (TF,
recorded at 82 m of distance) and the ﬁberglass boat (FB, recorded at
1 m of distance) were 140.3 and 158.8 dB re 1 µPa, with a maximum
instantaneous SPL of 147.7 and 162.2 dB re 1 µPa, respectively.
Assuming a cylindrical spreading (10 log R, meaning a loss of 3 dB
per doubling of distance) as the best transmission loss model in
shallow water (Richardson et al., 1995), the source level of TF noise
can be estimated 160 dB re 1 µPa at 1 m. It is however possible that
this SPL value is much higher if recorded closer to the ferry boat, due
to several variables affecting the sound propagation in coastal area
(i.e. bottom morphology, absorption, shadow zones due to refraction,
salinity, thermal clines, etc). Both noise spectra had the main energy
content below 1.5 kHz, with a peak at 1033 Hz and 602 Hz for TF and
FB, respectively. Below 1.5 kHz, the spectral energies of TF and FB
noises were 13 and 33 dB re 1 µPa higher than Sea Ambient Noise
(SAN). The LLeq, 25 s of the recorded SAN was 132.3 dB re 1 µPa. The 1/3
octave band noise pressure spectra of the two boats and of SAN are
shown in Fig. 2.
Fig. 3 compares the 1/3 octave band noise spectra of the boats and
of SAN in the frequency range below 1 kHz with the published G.
cruentatus and C. chromis audiograms measured with the AEP
methods in terms of sound pressure level (Codarin et al., 2009). The
FB noise exceeded the SPL threshold of C. chromis and G. cruentatus up
to a maximum of 45 dB (at the 160 Hz-1/3 octave band) and 43.3 dB
(at the 160 Hz-1/3 octave band) and the TF noise exceeded up to a
maximum of 22.3 (at the 160 Hz-1/3 octave band) and 21.6 dB (at the
125 Hz-1/3 octave band), respectively.
Fig. 4 represents the boat noise and SAN spectra in terms of particle
acceleration (La) compared to the C. chromis and G. cruentatus
audiograms measured with the AEP methods (Wysocki et al., 2009).

Fig. 2. 1/3 octave band sound pressure level spectra (logarithmic scale) of ambient
(SAN, short dash line), tourist ferry (TF, dash–dotted line) and ﬁberglass (FB,
continuous line) boat noises recorded in the core zone of Natural Marine Reserve of
Miramare (sampling frequency 44.1 kHz).

Fig. 3. 1/3 octave band Sound Pressure Level spectra (logarithmic scale) of ambient
(short dash line), tourist ferry (dash–dotted line) and ﬁberglass (continuous line) boat
noises compared to hearing thresholds of Chromis chromis (circles) and Gobius
cruentatus (triangles) (sampling frequency 44.1 kHz).

In particular, the calculated values for the boat noise measurements as
well as the playback noise projections are shown.

3.2. Performances of the playback system
The equivalent wideband continuous SPL (LLeq, 1 min) of the
projected noise was equal to 162.4 (FB) and 142.2 (TF) dB re 1 μPa,
whereas the equivalent continuous particle acceleration level of the
projected noise (La,eq, 1 min) was equal to 110 (FB) and 88 (TF) dB re
1 μm/s2.
The playback SPL values are just slightly larger than the measured
values during the boat pass-by, the playback error in terms of
wideband SPL was just + 3.5 dB for FB and + 2.1 dB for TF. On the
other hand, the calculated values of particle acceleration generated by
the loudspeaker are much larger than those which were present
during the recording of real boats. In this case the error, in terms of
wideband particle acceleration level, was calculated to be respectively
10.2 dB for FB and 3.8 dB for TF. The spectra (Fig. 4) clearly shows that
the acceleration level in the near ﬁeld boosts signiﬁcantly at very low
frequency and the calculated values of La (particle acceleration level)

Fig. 4. 1/3 octave band Particle Acceleration Level spectra (logarithmic scale) of ambient
(short dash line), tourist ferry (dash–dotted line; playback: open square) and ﬁberglass
(continuous line; playback open square) boat noises calculated in terms of particle
acceleration (La) compared to the Chromis chromis (ﬁlled circles) and Gobius cruentatus
(ﬁlled triangles) audiograms measured with the AEP methods as particle acceleration.

130

M. Picciulin et al. / Journal of Experimental Marine Biology and Ecology 386 (2010) 125–132

Fig. 5. Average time + standard error spent by G. cruentatus inside its shelter when
exposed to natural sea ambient noise (SAN) and during playback of either tourist ferry
(TF) or ﬁberglass boat (FB) noises. * indicates signiﬁcant statistical differences
highlighted by Wilcoxon test.

Fig. 7. Average time with standard error spent by C. chromis males caring their nests
when exposed to the natural sea ambient noise (SAN) and during playback of either
tourist ferry (TF) or ﬁberglass boat (FB) noises. * indicates signiﬁcant statistical
differences highlighted by Wilcoxon test.

generated by the loudspeaker are much larger than the values
estimated by the recording of the boat noises.

1995), boat source level (i.e. the amount of radiated sound measured
at 1 m from the source, SL) generally ranges from 145 to 170 dB re
1 µPa at 1 m, with an average of 162 dB re 1 µPa at 1 m for speeds of
around 50 km/h (Boussard, 1981; Greene and Moore, 1995; Erbe,
2002; Vasconcelos et al., 2007). These values are in accord with our
recorded and estimated SL measurements of the noises produced by
the ﬁberglass boat and the ferry boat.
In this study we were interested in the background noise and boat
equivalent continuous sound pressure levels (i.e., the root mean
square of the local instantaneous sound pressure calculated over a
given interval of time) recorded in the reef under quiet condition
inside the core zone of the Miramare MPA. Here the background noise
was relatively high (about 132.3 dB re 1 µPa), also in comparison to
other measurement done inside the core area, at 150 m of distance
from the shoreline (97 dB re 1 µPa, 10 m depth, Codarin A., personal
communication). Despite this, the boat noises resulted to be louder,
especially below 1.5 kHz. In addition, the recorded boat noises,
expressed in terms of pressure levels, largely exceed the best
pressure-hearing thresholds of C. chromis and G. cruentatus, especially
on the same frequency range of species-speciﬁc vocalizations
(Picciulin et al., 2002; Sebastianutto et al., 2008), and have therefore
the potential to be detected by these ﬁsh species inhabiting the
Miramare marine protected area and to mask the intra-speciﬁc
communication, as elsewhere reported (Vasconcelos et al., 2007;
Luczkovich and Sprague, 2008; Codarin et al., 2009).
Looking just at sound pressure data can be inappropriate, because
both the tested species are probably primarily sensitive to the particle
motion of sound, namely to particle acceleration. In fact, gobies are
commonly considered to be hearing generalists (Lugli et al., 2003), i.e.
they detect sound solely via their inner ears, and no other peripheral
morphological structures are involved in the hearing process.
Similarly, no swim bladder diverticula or other peripheral adaptations
have been described so far in Pomacentrids. Nevertheless, it is often
unknown which sound component (particle motion or sound
pressure) is more relevant to most of the species for detecting
sound at the hearing threshold (Horodysky et al., 2008). For example,
hearing in Stegastes (syn. Eupomacentrus) dorsopunicans (Pomacentridae) resulted to be governed by particle motion around 100 Hz, but
it was dominated by pressure detection at frequencies of 300 Hz
(Myrberg and Spires, 1980).
The measures of particle motion signals from boats were not
possible due to the lack of commercially available sensors that could
be used in the ﬁeld, but the particle acceleration (La) levels of boat
noises have been here calculated for both ﬁeld measurements and
playback projections. The La spectra of the projected noises resulted to

3.3. Fish behavioural responses
The playback of the two noises did not elicit any instantaneous
response, i.e. ﬂight or rapid cessation of activities in any of the two
species: the animals remained still and did not show any overt
variation in activity. Nevertheless, only during the playback of FB
noise the time spent by G. cruentatus inside the shelter increased
(Wilcoxon signed-ranks test, N = 10, P = 0.017; Fig. 5), while the time
spent in stationary position outside the shelter decreased (Wilcoxon
signed-ranks test, N = 10, P = 0.031; Fig. 6). A signiﬁcant decrease of
the time spent caring their nests was observed in C. chromis during the
playback of both boat noise types (signed-ranks test, N = 10,
P = 0.027 for TF, P = 0.041 for FB; Fig. 7).
4. Discussion
Vessel trafﬁc noise dominates the sea ambient noise of coastal
areas mainly below 1 kHz (Richardson and Würsig, 1997). Although
being extremely variable in relation to speed, load, pitch angle of
propeller, vessel design and age (Mitson, 1993; Richardson et al.,

Fig. 6. Average time + standard error spent by G. cruentatus in stationary position when
exposed to natural sea ambient noise (SAN) and during playback of either tourist ferry
(TF) or ﬁberglass boat (FB) noises. * indicates signiﬁcant statistical differences
highlighted by Wilcoxon test.
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be partially distorted in the very low-frequency range — in respect to
the ﬁeld recordings — due to the closeness of the sound source,
resulting in a high exposure of the tested ﬁsh species to particle
acceleration. This can be considered as an artifact of the system
employed. Unfortunately, using one single loudspeaker and given the
water characteristics, it is very difﬁcult to generate the correct SPL and
La spectra, simultaneously. Therefore the present paper highlighted
the need to adopt in the future a system employing opposite couples
of loudspeakers, such as using the Ambisonic technology (Gerzon,
1985), in order to successfully playback pressure and acceleration
signals at sea. In addition, the inﬂuence of speaker location and ﬁsh
position remains to be investigated in details when discussing the
effect of the played-back sound on behaviour, whereas the same
parameters have been recently considered in relation to the sound
pressure and particle motion AEP hearing thresholds determination
(Ladich and Wysocki, 2009).
The distortion in the relative proportion between the particle
acceleration and sound pressure spectra also shows that it is very
important to measure both sound pressure and particle acceleration, and
to compare both of these quantities with the corresponding ﬁsh hearing
thresholds. It has to be noticed that both the here considered boat noises,
when measured as sound pressure levels, exceed the hearing thresholds
of the two tested species, as above mentioned. On the contrary, when
measured as acceleration levels, only the projected noise of the ﬁberglass
boat (FB) signiﬁcantly exceeded the C. chromis and G. cruentatus particle
acceleration audiograms, whereas the recorded FB noise and the projected
TF noise resulted only slightly above their hearing threshold.
Dealing with the behavioural modiﬁcation, this ﬁeld experiment did
not evidence any short-term mild reactions, such as avoidance or escape,
by any of the two tested species during playback. The lack of such
reactions would be generally interpreted as the absence of behavioural
impact of the considered noise types. However, the reason why C. chromis
didn't escape from the noise source may be related to the high risk
associated to such behaviour, which would imply sneaking, egg
predations and aggressions by conspeciﬁcs (Picciulin et al., 2004).
Similarly, G. cruentatus will reduce their ability in territorial defence in
case of ﬂeeing. In the benthic ﬁsh species, like the red mouthed goby or
the Mediterranean damselﬁsh during reproduction the behavioural
response to disturbance is not a straightforward “cause–effect” relationship; conversely, animals may remain in a disturbed site if there are
important resources, adopting a conditional behavioural strategy to cope
with environmental modiﬁcations (Gill and Sutherland, 2000).
The time-budget analysis applied in this study indicated a nonnegligible shift of relevant activities in both species, at least during the
exposure to the ﬁberglass boat noise. Despite the low sample size, the
effect on ﬁsh behaviour induced by boat noise can be deduced from the
data. This highlighted how ﬁsh behaviour, in a broader sense, needs to be
considered when deﬁning the effects of man-made noise to ﬁsh fauna, as
suggested by other authors (Shumway, 1999; Gill and Sutherland, 2000).
It also stressed how behavioural responses to disturbance divert time and
energy from other ﬁtness-enhancing activities such as feeding, mating,
defending territory, and this needs to be taken into account when
evaluating disturbance on ﬁsh behaviour. In this regard, an interesting
approach has been described by Frid and Dill (2002), who discussed the
nonlethal human-caused disturbance in the theoretical framework of the
economic models of anti-predator behaviour.
From a conservation point of view, it is seldom known how
immediate behavioural responses are transformed into long-termchanges inﬂuencing reproduction, survival or population size (Gill et al.,
2001; Bejder et al., 2006). Cumulative and long-term impacts to ﬁsh
population of noise-induced behavioural shifts are very difﬁcult to predict,
the biological signiﬁcance of a particular noise varying according to ﬁsh age
(Egner and Mann, 2005), sex, ripeness and state of activity as well as
location, season and time of day (McKibben and Bass, 1998; Sisneros et al.,
2004a,b). This level of uncertainty nowadays requires the precautionary
principle as management rule for sensitive areas (Horowitz and Jasny,
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2007). As a consequence, even the small Miramare Marine Reserve has to
reduce the unwanted noise input inside the area. Passive long-term
monitoring programs, deﬁnition of noise-free areas or seasonal restriction
of noise-producing activities during sensitive periods is a tool that can be
exploited by the local management.
Besides the validity of these general rules, the managers are often
asking for a metric that may help them to preventively deﬁne limits of
noise exposure. Actually, ﬁxed levels above the basic hearing
threshold of animals have often been used as criteria for acceptable
sound levels (Southall et al., 2007). However, these regulatory limits
are expressed in terms that may have very little relevance for marine
animals (Madsen et al., 2006), i.e. unweighted peak pressure, root
mean square pressure or unweighted sound exposure level.
In conclusion, our results highlight that a larger number of
behavioural studies on ﬁsh species should include simple disturbance
measures in order to make mitigation measures more effective.
Acknowledgments
We would like to thank Dr. Maurizio Spoto and the Natural Marine
Reserve Miramare staff for the technical assistance and two
anonymous referees for valuable comments on the present manuscript. This research was supported by the Italian Ministry for
Environment, Territory and Sea. [SS]
References
Abel, E.F., 1961. Freiwasserstudien über das Fortpﬂanzungsverhalten des Mönchsﬁsches Chromis chromis, einem Vertreter der Pomacentriden im Mittelmeer. Z.
Tierpsychol. 18, 441–449.
Agardy, T., Aguilar, N., Cañadas, A., Engel, M., Frantzis, A., Hatch, L., Hoyt, E., Kaschner, K.,
LaBrecque, E., Martin, V., Notarbartolo di Sciara, G., Pavan, G., Servidio, A., Smith, B.,
Wang, J., Weilgart, L., Wintle, B., Wright, A., 2007. A Global Scientiﬁc Workshop on
Spatio-Temporal Management of Noise. Report of the Scientiﬁc Workshop. 44
pages.
Akamatsu, T., Matsusita, Y., Hatakeyama, Y., Inoue, Y., 1996. Startle response level of the
Japanese anchovy Engraulis japonicus to underwater pure tone signals. Fish. Sci. 62,
648–649.
Amoser, S., Wysocki, L.E., Ladich, F., 2004. Noise emission during the ﬁrst powerboat
race in an Alpine lake and potential impact on ﬁsh communities. J. Acoust. Soc. Am.
116, 3789–3797.
Andrew, R.K., Howe, B.M., Mercer, J.A., Dzieciuch, M.A., 2002. Ocean ambient sound:
comparing the 1960s with the 1990s for a receiver off the California coast. ARLO 3
(2), 65–70.
Bass, A.H., McKibben, J.R., 2003. Neural mechanisms and behaviours for acoustic
communication in teleost ﬁsh. Prog. Neurobiol. 69, 1–26.
Bejder, L., Samuels, A., Whitehead, H., Gales, N., 2006. Interpreting short-term
behavioural responses to disturbance within a longitudinal perspective. Anim.
Behav. 72, 1149–1158.
Boussard, A., 1981. The Reactions of Roach (Rutilus rutilus) and Rudd (Scardinius
erythrophthalmus) to Noises Produced by High Speed Boating. Proc. 2nd. Brit. Fresh.
Fish. Conf., Southampton.
Buerkle, U., 1974. Gill-net catches of cod (Gadus morhua L.) in relation to trawling noise.
Mar. Behav. Physiol. 2, 277–281.
Ciriaco, S., Costantini, M., Italiano, C., Odorico, R., Picciulin, M., Verginella, L., Spoto, M.,
1998. Monitoring the Miramare Marine Reserve: assessment of protection
efﬁciency. Ital. J. Zool. 65, 383–386.
Codarin, A., Spoto, M., Picciulin, M., 2008. One-year characterization of sea ambient
noise in a coastal marine protected area: a management tool for inshore marine
protected areas. Bioacoustics 17, 24–25.
Codarin, A., Wysocki, L.E., Ladich, F., Picciulin, M., 2009. Effects of ambient and boat
noise on hearing and communication in three ﬁsh species living in a Marine
Protected Area (Trieste, Italy). Mar. Poll. Bull. 58 (12), 1880–1887.
Dans, S.L., Crespo, E.A., Pedraza, S.N., Degrati, M., Garaffo, G.V., 2008. Dusky dolphin and
tourist interaction: effect on diurnal feeding behaviour. Mar. Ecol. Prog. Ser. 369,
287–297.
Egner, S.A., Mann, D.A., 2005. Auditory sensitivity of sergeant major damselﬁsh
Abudefduf saxatilis from post-settlement juvenile to adult. Mar. Ecol. Prog. Ser. 285,
213–222.
Engås, A., Misund, O.A., Soldal, A.V., Horvei, B., Solstad, A., 1995. Reaction of penned
herring and cod to playback of original, frequency-ﬁltered and time-smoothed
vessel sound. Fish. Res. 22, 243–254.
Erbe, C., 2002. Underwater noise of whale-watching boats and potential effects on killer
whales, Orcinus orca, based on an acoustic impact model. Mar. Mamm. Sc. 18 (2),
394–418.
Fay, R.R., Edds-Walton, P.L., 1997. Directional response properties of saccular afferents
of the toadﬁsh, Opsanus tau. Hear. Res. 111, 1–21.

132

M. Picciulin et al. / Journal of Experimental Marine Biology and Ecology 386 (2010) 125–132

Frid, A., Dill, L.M., 2002. Human-caused disturbance stimuli as a form of predation risk.
Conserv. Ecol. 6, 11–26.
Gerzon, M.A., 1985. Ambisonics in multichannel broadcasting and video. J.A.E.S. 33
(11), 859–871.
Gil, F., Borges, R., Faria, C., Goncalves, E.J., 2002. Early development of the red mouthed
goby, Gobius cruentatus (Pisces: Gobiidae). J. Mar. Biol. Ass. U.K. 82, 161–163.
Gill, J.A., Sutherland, W.J., 2000. Predicting the consequences of human disturbance
from behaviour decisions. In: Gosling, L.M., Sutherland, W.J. (Eds.), Behaviour and
Conservation. Cambridge University Press, Cambridge, pp. 51–64.
Gill, J.A., Norris, K., Sutherland, W.J., 2001. Why behavioural responses may not reﬂect
the population consequences of human disturbance. Biol. Conserv. 97, 265–268.
Greene, C.R.J., Moore, S.E., 1995. Man-made noise. In: Richardson, W.J., Greene, C.R.J.,
Malme, C.I., Thomson, D.H. (Eds.), Marine Mammals and Noise. Academic Press, San
Diego, pp. 101–158.
Guidetti, P., Verginella, L., Viva, C., Odorico, R., Boero, F., 2005. Protection effects on ﬁsh
assemblages, and comparison of two visual-census techniques in shallow artiﬁcial
rocky habitats in the northern Adriatic Sea. J. Mar. Biol. Ass. U.K. 85, 247–255.
Haren, A.M., 2007. Reducing noise pollution from commercial shipping in the Channel
Islands National Marine Sanctuary: a case study in marine protected area
management of underwater noise. J. Int. Wildl. Law. Pol. 10 (2), 153–173.
Haviland-Howell, G., Frankel, A.S., Powell, C.M., Bocconcelli, A., Herman, R.L., Sayigh,
L.S., 2007. Recreational boating trafﬁc: a chronic source of anthropogenic noise in
the Wilmington, North Carolina Intracoastal Waterway. J. Acoust. Soc. Am. 122 (1),
151–160.
Hodgson, A.J., Marsh, H., 2007. Response of dugongs to boat trafﬁc: the risk of
disturbance and displacement. J. Exp. Mar. Biol. Ecol. 340 (1), 50–61.
Horodysky, A.Z., Brill, R.W., Fine, M.L., Musick, J.A., Latour, R.J., 2008. Acoustic pressure
and particle motion thresholds in six sciaenid ﬁshes. J. Exp. Biol. 211, 1504–1511.
Horowitz, C., Jasny, M., 2007. Precautionary management of noise: lessons from the U.S.
Marine Mammal Protection Act. J. Int. Wildl. Law. Pol. 10, 225–232.
Kastelein, R., van der Heul, S., Verboom, W.C., Jennings, N., van der Veen, J., de Haan, D.,
2008a. Startle response of captive North Sea ﬁsh species to underwater tones
between 0.1 and 64 kHz. Mar. Environ. Res. 65, 369–377.
Kastelein, R.A., Van Der Heul, S., Verboom, W., De Haan, D., Reijnders, P., 2008b. Acoustic
dose–response effects in marine ﬁsh. Bioacoustics 17, 201–202.
Kinzer, J., 1960. Zur Ethologie und Biologie der Gobiiden unter besonderer Ber/
icksichtigung der Schwarzgrundel Gobius jozo L. Zooi. Beitr. 6, 207–290.
Ladich, F., Myrberg, A.A., 2006. Agonistic behavior and acoustic communication. In:
Ladich, F., Collin, S.P., Moller, P., Kapoor, B.G. (Eds.), Communication in Fishes,
Vol. 1. Science Publishers, Enﬁeld, NH, pp. 121–148.
Ladich, F., Wysocki, L.E., 2009. Does speaker presentation affect auditory evoked
potential thresholds in goldﬁsh? Comp. Biochem. Physiol. A 154, 341–346.
Luczkovich, J.J., Sprague, M.W., 2008. Does boat noise affect spawning sound production
of soniferous ﬁsh in shallow estuarine systems? Bioacoustics 17, 203–204.
Lugli, M., Yan, H.Y., Fine, M.L., 2003. Acoustic communication in two freshwater gobies:
the relationship between ambient noise, hearing thresholds and sound spectrum.
J. Comp. Physiol. A 189, 309–320.
Madsen, P.T., Wahlberg, M., Tougaard, J., Lucke, K., Tyack, P., 2006. Wind turbine
underwater noise and marine mammals: implications of current knowledge and
data needs. Mar. Ecol. Prog. Ser. 309, 279–295.
McKibben, J.R., Bass, A.H., 1998. Behavioural assessment of acoustic parameters
relevant to signal recognition and preference in a vocal ﬁsh. J. Acoust. Soc. Am.
104, 3520–3533.
Mitson, R.B., 1993. Underwater noise radiated by research vessels. ICES Mar. Sci. Symp.
196, 147–152.
Mitson, R.B., Knudsen, H.P., 2003. Causes and effects of underwater noise on ﬁsh
abundance estimation. Aquat. Liv. Res. 16, 255–263.
Myrberg, A.A., Lugli, M., 2006. Reproductive behavior and acoustical interactions. In:
Ladich, F., Collin, S.P., Moller, P., Kapoor, B.G. (Eds.), Communication in Fishes,
Vol. 1. Science Publishers, Enﬁeld, NH, pp. 149–176.
Myrberg, A.A., Spires, J.Y., 1980. Hearing in damselﬁshes. An analysis of signal-detection
among closely related species. J. Comp. Physiol. 140, 135–144.
Olsen, K., Agnell, J., Pettersen, F., Løvik, A., 1983. Observed ﬁsh reactions to a surveying
vessel with special reference to herring, cod, capelin and polar cod. FAO Fish. Rep.
300, 131–138.
Ona, E., Godø, O.R., Handegård, N.O., Hjellvik, V., Patel, R., Pedersen, G., 2007. Silent
vessels are not quiet. J. Acoust. Soc. Am. 121, 145–150.
Ottoni, E.B., 2000. EthoLog 2.2: a tool for the transcription and timing of behavior
observation sessions. Behav. Res. Meth. Instr. Comp. 32 (3), 446–449.
Picciulin, M., 2004. Metodologie acustiche e comportamentali applicate allo studio, alla
gestione e conservazione di specie target all'interno e all'esterno di aree marine
protette. PhD thesis, University of Trieste, Italy.

Picciulin, M., Costantini, M., Hawkins, A.D., Ferrero, E.A., 2002. Sound emissions of
the Mediterranean damselﬁsh Chromis chromis (Pomacentridae). Bioacoustics 12,
236–238.
Picciulin, M., Verginella, L., Spoto, M., Ferrero, E.A., 2004. Colonial nesting and the
importance of the brood size in male parasitic reproduction of the Mediterranean
damselﬁsh Chromis chromis (Pisces: Pomacentridae). Env. Biol. Fish. 70, 23–30.
Picciulin, M., Sebastianutto, L., Costantini, M., Rocca, M., Ferrero, E.A., 2006. Aggresive
territorial ethogram of the red-mouthed goby, Gobius cruentatus (Gmelin, 1789).
Electron. J. Ichthyol. 2, 38–49.
Popper, A.N., 2003. Effects of anthropogenic sounds on ﬁshes. Fisheries 28 (10), 24–31.
Popper, A.N., Fay, R.R., 1999. The auditory periphery in ﬁshes. In: Fay, R.R., Popper, A.N.
(Eds.), Comparative Hearing: Fish and Amphibian. Springer-Verlag, New York,
pp. 43–100.
Popper, A.N., Løkkeborg, S., 2008. Effects of anthropogenic sounds on ﬁsh. Bioacoustics
17, 214–215.
Popper, A.N., Fewtrell, J., Smith, M.E., McCauley, R.D., 2004. Anthropogenic sound:
effects on the behavior and physiology of ﬁshes. Mar. Technol. Soc. J. 37 (4), 35–40.
Richardson, W.J., Würsig, B., 1997. Inﬂuences of man-made noise and human actions on
cetacean behaviour. Mar. Freshwat. Behav. Physiol 29, 183–209.
Richardson, W.J., Greene, C.R., Malme, C.I., Thomson, D.H., 1995. Marine Mammals and
Noise. Academic Press Inc., New York.
Sarà, G., Dean, J.M., D'Amato, D., Buscaino, G., Oliveri, A., Genovese, S., Ferro, S., Buffa, G.,
Lo Martire, M., Mazzola, M., 2007. Effect of boat noise on the behaviour of blueﬁn
tuna Thunnus thynnus in the Mediterranean Sea. Mar. Ecol. Prog. Ser. 331, 243–253.
Scholik, A.R., Yan, H.Y., 2002. Effects of boat engine noise on the auditory sensitivity of
the fathead minnow, Pimephales promelas. Env. Biol. Fish. 63, 203–209.
Schwarz, A.L., Greer, G.L., 1984. Responses of Paciﬁc Herring, Clupea harengus pallasi, to
some underwater sounds. Can. J. Fish. Aquat. Sci. 41, 1183–1192.
Sebastianutto, L., Picciulin, M., Costantini, M., Rocca, M., Ferrero, E.A., 2008. Four types of
sounds for one winner: vocalizations during territorial behaviour in the redmouthed goby Gobius cruentatus (Pisces: Gobiidae). Acta ethol. 11, 115–121.
Shumway, C.A., 1999. A neglected science: applying behavior to aquatic conservation.
Env. Biol. Fish. 55 (1–2), 183–201.
Sisneros, J.A., Forlano, P.M., Knapp, R., Bass, A.H., 2004a. Seasonal variation of steroid
hormone levels in an intertidal nesting ﬁsh, the vocal plainﬁn midshipman. Gen.
Comp. Endocrinol. 136, 101–116.
Sisneros, J.A., Forlano, P.M., Deitcher, D.L., Bass, A.H., 2004b. Steroid-dependent auditory
plasticity leads to adaptive coupling of sender and receiver. Science 305 (5682),
404–407.
Soria, M., Freon, P., Gerlotto, F., 1996. Analysis of vessel inﬂuence on spatial behaviour of
ﬁsh schools using a multi-beam sonar and consequences for biomass estimates by
echo-sounder. ICES J. Mar. Sci. 53, 453–458.
Southall, B.L., Bowles, A.E., Ellison, W.T., Finneran, J.J., Gentry, R.L., Greene Jr., Ch., Kastak,
D., Ketten, D.R., Miller, J.H., Nachtigall, P.E., Richardson, W.J., Thomas, J.A., Tyack,
P.L., 2007. Marine mammal noise exposure criteria. Aquat. Mamm. 33 (4), 411–521.
Stockin, K.A., Lusseau, D., Binedell, V., Wiseman, N.J., Orams, M.B., 2008. Tourism affects
the behaviour budget of common dolphins (Delphinus sp.) in the Hauraki Gulf, New
Zealand. Mar. Ecol. Prog. Ser. 355, 287–295.
Tyack, P., 2008. Implications for marine mammals of large-scale changes in the marine
acoustic environment. J. Mamm. 89 (3), 549–558.
Vabø, R., Olsen, K., Huse, I., 2002. The effect of vessel avoidance of wintering Norwegian
spring spawning herring. Fish. Res. 58, 59–77.
Vasconcelos, R.O., Amorim, M.C.P., Ladich, F., 2007. Effects of ship noise on the
detectability of communication signals in the Lusitanian toadﬁsh. J. Exp. Biol. 210,
2104–2112.
Verginella, L., Spoto, M., Ciriaco, S., Ferrero, E.A., 1999. Reproductive ethogram of the
Mediterranean damselﬁsh Chromis chromis L. (Pisces: Pomacentridae) territorial
male. Boll. Soc. Adriat. 78, 437–454.
Wilkins, H.K.A., Myers, A.A., 1993. Shelter utilization by Gobius cruentatus and
Thorogobius ephippiatus (Teleostei: Gobiidae). J. Fish. Biol. 43 (5), 763–773.
Wilkins, H.K.A., Myers, A.A., 1995. Use of space by Gobius cruentatus and Thorogobius
ephippiatus (Teleostei: Gobiidae) in south-west Ireland. Mar. Biol. 124, 27–34.
Williams, R., Lusseau, D., Hammond, P.S., 2006. Estimating relative energetic costs of
human disturbance to killer whales (Orcinus orca). Biol. Conserv. 133 (3), 301–311.
Wysocki, L.E., Dittami, J.P., Ladich, F., 2006. Ship noise and cortisol secretion in European
freshwater ﬁshes. Biol. Conserv. 128, 501–508.
Wysocki, L.E., Codarin, A., Ladich, F., Picciulin, M., 2009. Sound pressure and particle
acceleration audiograms in three marine ﬁsh species from the Adriatic Sea.
J. Acoust. Soc. Am. 126, 2100–2107.

