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Free-ranging individual fish were observed using a baited remote underwater video (BRUV) system during
sound playback experiments. This paper reports on test trials exploring BRUV design parameters, image analysis
and practical experimental designs. Three marine species were exposed to playback noise, provided as examples
of behavioural responses to impulsive sound at 163–171 dB re 1 μPa (peak-to-peak SPL) and continuous sound of
142.7 dB re 1 μPa (RMS, SPL), exhibiting directional changes and accelerations. Themethods described here indi-
cate the efficacy of BRUV to examine behaviour of free-ranging species to noise playback, rather than using con-
finement. Given the increasing concern about the effects of water-borne noise, for example its inclusion within
the EU Marine Strategy Framework Directive, and the lack of empirical evidence in setting thresholds, this
paper discusses the use of BRUV, and short term behavioural changes, in supporting population level marine
noise management.
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1. Introduction

The use of seabed video systems, or, remote underwater video
(RUV), baited remote underwater video (BRUV) has increased notably
within the last decade (e.g.Mallet and Pelletier, 2014), due to the refine-
ment of technology leading to a reduction in camera and video process-
ing costs. Camera systems are typically non-destructive observation
methods, used in a range of habitats and depths, provide permanent re-
cords, give potential for high replication and reduce the staff and field
time required for experiments (Ellis and DeMartini, 1995; Mallet and
Pelletier, 2014; Shortis et al., 2007). By using two cameras which have
an overlapping field of view (stereoscopic), a perception of depth can
be obtained allowing the 3D co-ordinates of a subject to be calculated,
making observations particularly useful for behavioural studies (first
described by Harvey and Shortis, 1995).

Stereo systems have been implemented widely, for example, from
estimating abundance, assemblage composition, richness and individu-
al fish identification (Griffin et al., 2016; Langlois et al., 2010; Unsworth
et al., 2014; Watson et al., 2005; Wraith et al., 2013). These have been
used in a range of depths from shallow water (Unsworth et al., 2014)
.
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and natural/artificial reefs (Kemp et al., 2008; White et al., 2013;
Wraith et al., 2013) to the deep sea (Cousins et al., 2013; Priede et al.,
2006). Within these, bait is commonly used to attract organisms into
the field of view (King et al., 2007; Stobart et al., 2007) and it is widely
accepted that bait type has a significant effect on the fish assemblage
attracted (Harvey et al., 2007; Løkkeborg and Bjordal, 1992; Watson et
al., 2005; Wraith et al., 2013). However despite BRUV being widely
used, Mallet and Pelletier (2014) found only six studies (at
depths b 100 m) that used these methods to investigate the effect of
human disturbance upon behaviour, and of these only one was an
acoustic study (Picciulin et al., 2010). Yet there is a need to describe
the behavioural responses of fish exposed to noise on both a school
and an individual level (Hawkins et al., 2012).

To process video data, motion analysis software has been used in-
creasingly for quantifying locomotory changes in animal behaviours,
for example for monitoring prey-predator interactions and schooling
behaviour (Kawaguchi et al., 2010; Pohlmann et al., 2001). Depending
on the experimental setup, video footage available and the parameters
to be calculated, programs that can track animal movement range
from frame-by-frame (Abràmoff et al., 2004) to more sophisticated au-
tomatic 3D tracking programs (discussed later). Although swimming
changes have been quantified for a few fish species (Domenici et al.,
2004; Fuiman et al., 2010; LeFrancois et al., 2009; Weber, 2006), such
software has not been used to analyse responses to sound stimuli in
field conditions. Swimming parameters obtained from motion analysis
ater video (BRUV) and motion analysis for studying the impacts of
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of free swimmingfish can be translated intometrics (such as percent re-
sponse, response latency, angular velocity, etc.), which could be com-
pared across noise levels and signatures.

Typical immediate behavioural responses by fishes in tanks to un-
derwater noise stimuli include startle responses, increased speed and
positional changes in the water column (Blaxter and Hoss, 1981;
Engås et al., 1995; Kastelein et al., 2008). This includes the involuntary
flexion of the body resulting in a rapid change of direction and speed,
the ‘C start’ response (Blaxter and Hoss, 1981; Zottoli, 1977). Another
behaviour commonly exhibited is ‘milling’, an increased swimming
speed with random turns (Blaxter and Hoss, 1981). However, the
behaviour of captured (or hatchery reared) individuals within tanks
cannot be assumed to accurately reflect wild behaviour, e.g. Benhaïma
et al. (2012). Confinement in tanks is likely to induce stress, and behav-
ioural changes such as circling the tank (Kastelein et al. (2008). The
solution is to film animals in the wild, but this presents logistical
challenges regardingmonitoring the behaviour of highlymobile species
to calibrated stimuli; For this reason, many field-based studies have
used cages, nets or pens (Engås et al., 1998; Engås et al., 1995;
Fernandes et al., 2000; Fewtrell and McCauley, 2012; Sara et al., 2007;
Schwarz and Greer, 1984). For example, during exposure to low fre-
quency sonar (Popper et al., 2007), vibro pile-driving (Nedwell et al.,
2003) and airgun arrays (Engås et al., 1996; Hassel et al., 2004;
Pearson et al., 1992) key responses exhibited in such confined condi-
tions are directional avoidance, increased speed, and variation of
group density (Engås et al., 1995; Fewtrell and McCauley, 2012; Sara
et al., 2007; Schwarz and Greer, 1984), varying with acoustic and envi-
ronmental context. One less restrictive method is to film animals with
distinct territories or nests naturally occupied during the noise expo-
sure, eliminating the need for confinement (Picciulin et al., 2010). An-
other potential solution is to use an attractant to lure fish to cameras.
It is of note that inmany cases the presence of a camera lander is enough
to warrant the attention of ‘curious’ fish.

Whilst behaviours observed on camera may be short lived, these
may have knock-on implications for feeding, migration, reproduction
and even interrupt predator-prey interactions (Chan et al., 2010;
Hawkins et al., 2014b; Simpson et al., 2014). For example, the time bud-
gets of two reef fish have been shown to be altered in response to boat
noise,with time for nest caring reduced (Picciulin et al., 2010), andmus-
sels have been shown to close the valve in response to sediment vibra-
tion which directly reduces time spent filter feeding (Roberts et al.,
2015). The extent towhich noise affects migratory patterns, feeding, re-
production, communication, predator-prey interactions and navigation
is relatively unknown (Hawkins et al., 2014a), leading to difficulties set-
ting noise exposure criteria for fish species and anthropogenic sources
(DEFRA, 2014; Popper et al., 2014).

It is not always possible to undertake experiments near actual an-
thropogenic sources. Permissions are required, there are strict experi-
mental limitations, sound regimes are unpredictable, and experiments
would need to be fitted around construction timings. Playbacks of actual
recorded signatures, or synthetic versions, can overcome this problem,
allowing the exposure source to be fully controlled. In laboratory
tanks it is difficult to play back calibrated sound stimuli accurately due
to the presence of boundaries and the creation of standingwaves of dif-
fering frequencies (Parvulescu, 1964a, 1964b; Rogers, 2015), as such
field experiments in the acoustic free field have strong advantages
over laboratory studies.

The current study aimed to investigate the behaviour of wild, unre-
strained individual fish in response to playback of calibrated noise sig-
natures. We tested the practical use of underwater cameras fitted on a
purpose-built camera frame to document live behavioural responses
of fishes during control exposure experiments (CEE). The combined
field approach, including the deployment of a calibrated purpose-built
underwater sound projector array and other technical aspects such as
working in natural marine habitats with variable environmental condi-
tions, motion analysis tracking and the use of purpose-built projector
Please cite this article as: Roberts, L., et al., Use of baited remote underw
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array for example, made the current work both a challenge and innova-
tive. With this in mind the emphasis is on the techniques and method-
ologies employed by the work, rather than quantitative outputs.

2. Methods

A purpose-built projector arraywas used, consisting of four speakers
as a unit, connected to an InPhase IPX2400 amplifier (2400 W) into
which a signal was fed via a Tascam model DR05 sound recorder or
IBM Thinkpad laptop computer (details in Hawkins et al. (2014b);
Roberts (2015). The array produced source levels in the region of
186.0 dB re 1 μPa@1m. Twoplayback signatureswere used (20 s, 6 am-
plitudes −6 dB steps), of recorded shipping and a synthetic impulsive
sound. The ship noise consisted of a twenty second recording of a
large container ship, as captured by Subacoustech Ltd. during routine
noise monitoring. The synthetic pile-driving stimulus consisted of 10
sharp-onset low frequency pulses, two seconds apart, constructed
from white noise (50–600 Hz) to mimic spectral characteristics of
pile-driving. It is of note that particle velocity (dB re 1 m s−1) was not
measured, but the particle velocity capabilities of the projector array
are provided in Hawkins et al. (2014b), as derived from sound pressure
measurements. To avoid pseudoreplication, for examplewhen an insuf-
ficient number of recordings are used to test for a certain response
(McGregor, 1992), six versions of the sound were used. Each was creat-
ed with the same characteristics (i.e. onset time and filtered frequency
ranges) but with a different white noise used in each case. Overall the
sounds were an accurate representation of pile-driving and shipping
noise in the acoustic far field, with predominant energy in the 50–
600 Hz band (Supplemental material).

Recordings of ‘silence’ were randomly interspersed to ensure that
equipment alone did not influence subjects (that is, that activation of
the playback system itself did not elicit responses without added
noise) referred to as control trials. Received sound levels were recorded
at the camera frame using a purpose-built subsea recording pod
(Subacoustech prototype 1/2) consisting of a steel pressure housing
containing aminiature battery-powered amplifier and a digital recorder
(Roland R-09HR or Tascammodel DR05) connected to an external cali-
brated hydrophone (Brüel & Kjær 8105, −205 dB re 1 V/μPa ± 2 dB,
0.1 Hz–100 kHz). For synchronization of playback noise with the
video footage, an additional Aquarian Audio H2a hydrophone (uncali-
brated, sensitivity−180 dB re 1 V/μPa, 10 Hz–100 kHz) was connected
to the video recorders on the camera frame to alert the viewer to the
playback during video analysis.

A BRUV system, purpose-built to work in changeable coastal
conditions (low light levels, strong currents and unpredictable deploy-
ment conditions) consisted of a large steel frame (approximately
2 m × 1 m × 1 m) of a similar design as Langlois et al. (2010) and
Cappo et al. (2007), (Fig. 1). The first BRUV system had a subsea housing
with two cameras and video recorders (Mini DVR III HDVR720) and nec-
essary power supplies, allowing the unit to record audio and video sig-
nals unattended for approximately 8 h. An Internet Protocol (IP)
camera was used to relay real-time footage via a wireless local network
to the observer controlling the playback system (the access point was
from a water-resistant housing mounted on a surface buoy, Fig. 2).
Real-time observations were necessary to ensure presence of fish prior,
during and after exposure. However since deployments were shore
based, or to a small vessel close by, the systemwas then simplified to re-
move the subsea housing and connect the frame to the surface video re-
corders via an armoured umbilical cable to provide power and to export
the footage. An observer could therefore use the IP camera imageor video
recorders for live observations of the BRUV for extended periods of time
(i.e. not limited by the duration of the batteries or distance to the access
points that provide the wireless link used in the first prototype).

Dropdown (rapid deployment) inspection cameras were used prior
to deployment to ascertain whether visibility and bottom conditions
were suitable. The position of the BRUV was adjusted until the field of
ater video (BRUV) and motion analysis for studying the impacts of
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Fig. 1. Initial BRUV (Prototype A), consisting of a large steel frame equipped with two cameras and a hydrophone connected to a central subsea housing containing power and mini DVR
recorders. Two remote recording pods with hydrophones recorded sound levels. A. Recording pod with Aquarian Audio hydrophone, B. stereoscopic camera (s), C. recording pod with
Brüel & Kjær hydrophone, D. Bait bag, E. Aquarian audio hydrophone connected to mini DVR recorders for synchronization of video and sound. F. IP camera for live video link to
surface (umbilical cable not shown). G. Subsea housing containing mini DVR recorders and power supplies, H. subsurface buoy. Second BRUV system (Prototype B) with the subsea
housing removed (G), and cameras wired to the surface via an armoured umbilical cable. Figure from Roberts, 2015.
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viewwas clear of obstructions and fisheswere present. The precise time
of playback (from the mini-DVR), signature played, signature level and
the behavioural response (if present) were recorded per playback.

For all fieldwork deployments the BRUV was baited using a combi-
nation of fresh herring, pilchards, mackerel, lugworm, and mixed fish
scraps. In addition to this, to create a large plume in the water column,
effervescent bait pellets weremade, containingflour, choppedfish, sun-
flower oil, sodiumbicarbonate, citric acid, fish oils and bloodworm, as in
Stobart et al. (2007). The intention of this was to attract fish into the
area, rather than undertake experiments during the effervescent
plume. A bait pole (approximately 1 m length) extended outwards
from the camera frame into the field of view. The bait was held either
in a mesh bag or attached directly to the pole itself. We did not directly
test the effectiveness of the different bait types, since we were not in-
vestigating the abundances of fish species in the area, but merely need-
ed the presence of fish for the experiments.

Tests were undertaken at a Marine Nature Reserve, Lough Hyne,
Cork, Ireland, (51° 30′ N, 9° 18′W)working from a Rigid-hull Inflatable
Boat (4m RIB unpowered during experiments) or the shore. Boat traffic
andhuman activity is highly restrictedwithin the reserve, hence itwas a
B
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Fig. 2. Buoy built to transmit a live IP camera signal remotely to the operator station,
consisting of power supply and waterproof wireless router. A. Wireless router and high
power omnidirectional antena, B. Power supply, C. Pelicase containing wiring and mini
DVR recorders, D. Battery supplies held inside the buoy, E. Umbilical cable attached to
the BRUV on the seabed, F. Slotted steel frame containing polystyrene cube. Figure from
Roberts, 2015.
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quiet place where natural sounds dominate. Further tests were under-
taken in Plymouth Sound (50° 21′ N 4° 08′ W) from a fishing vessel
(10 m). In both cases the sound projector array was deployed at a dis-
tance of 5–10m from the frame, in a depth of at least 10m to enable suf-
ficient sound propagation and sound level (judged by received sound
levels) (Fig. 3). The sound levelwas adjusted to bewithin the range pro-
duced by anthropogenic operations at distance, andwasnotmeant to be
representative of the sound level at 5–10 m from these. The array was
deployed from the side of a small platform, or from the side of a vessel.

The experiment could be controlled by one operator, with consulta-
tion with the mini-DVR footage and randomised selection of the play-
back signatures in the form of pre-selected playlists created with a
random number generator. Intervals between playbacks depended
upon the availability of fishes (i.e. that there were fish present at the
camera to expose) andwhether or not reactions occurred, butwere typ-
ically 5 min. All playbacks were undertaken in b15 m of water to allow
sufficient light levels for the cameras. Conditions of Beaufort Sea state
two and below were also necessary to ensure suitable working condi-
tions and minimise noise from waves hitting the shore and vessel.

The video footage was analysed with two methods according to the
suitability of the footage. The first approach trialled the use of motion
analysis software to analyse the 3Dmotion of thefish. Programs primar-
ily considered for this purpose included those relying on algorithms
based upon contrast, that is, on dark objects on a light background or
vice versa, for example IMAGEJ (Abràmoff et al., 2004), WINANALYSE 2D
(Alvarez and Fuiman, 2006) LOLITRACK 1, Loligo systems) (Tudorache et
al., 2009), MAXTRAQ, Innovision Systems, (Merakova and Gvozdık,
2009) and ETHOVISION (Noldus) (Peitsaro et al., 2003). However these
are best suited to laboratory work such as tracking movement in a
petri dish. As such other more specialised programs, requiring special
markers and camera systems to function were considered, which had
a greater potential to analyse footage with variable light levels, water
visibility and background conditions including: QUALISYS software
(Qualisys) and VISUAL 3D (C-motion inc.), WINANALYSE (Mikromak)
(Alvarez and Fuiman, 2006), PROANALYST (Xcitex, Inc.), VISUAL FUSION
(Sanders-Reed, 1995) and SIMIMOTION 3D (SIMI RealityMotion systems).
The more sophisticated programs such as SIMI were principally created
for use in biomechanics (e.g. Bence et al. (2006)), but have also been
used to track organisms (Schaub and Schnitzler, 2007). After prelimi-
nary tracking using a number of programs, SIMI MOTION 3D was chosen
due to the tracking algorithms which are able to deal with variation in
the footage in terms of light levels, variable background conditions
and indistinct targets. The system required simultaneous calibration of
the cameras allowing 3D co-ordinates of subjects to be calculated accu-
rately. This was undertaken using a purpose-built PVC cube (55 cm,
with afixed camera angle of 60–120°). The two cameraswere calibrated
using the ‘check calibration’ function in SIMI Motion, with the accuracy
ater video (BRUV) and motion analysis for studying the impacts of
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Fig. 3.A. Deployment diagramof the BRUVand sound projector array from an anchored vessel (left) and from shore (right). A. BRUV frame, B. subsurface buoywith umbilical cable to boat,
C. Buoy for retrieval of frame and formounting of the access point that provided thewireless linkwhen in use, D. Transducer array (2–6 projectors), E. experimental vessel with a frame for
deployment of equipment and playback controls, F. Field of view, G Observer station on shore with laptop and playback controls. Figure from Roberts, 2015.
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of values required (principal point, axes angle, captured points) calcu-
lated within SIMI.

Additional videowas scored for behavioural changes at playback oc-
currence, based on definitions from Slabbekoorn et al. (2010) and Van
der Graaf et al. (2012), summarised in Table 1. Behaviour was moni-
tored for 10min post-playback, a time period deemed reasonable to en-
compass the typical startle-type reactions exhibited.

3. Results

3.1. Behaviour monitoring

Video observations from Lough Hyne were used to trial the efficacy
of the SIMI Motion software for tracking fish movement in the natural
environment. Two-spotted gobies Gobiusculus flavescens, were very
common in shallow areas (b2 m) of the Lough and the prominent
black spot on the caudal fin allowed the species to be identified easily
and tacked in the footage obtained (Fig. 4). Each goby was tracked indi-
vidually, enabling parameters such as acceleration and velocity to be
calculated and graphed. SIMI was able to track the black spot almost en-
tirely automatically, however some manual intervention was required
Table 1
Behavioural changes recorded at playback occurrences, as scored based onpreliminary observat
living animals.

Behaviour Description

NR No observable response
Continued behaviour

No change.
e.g. continued foragi

OR Brief orientation response Flinch/spasm (c-star
POR Prolonged orientation response Prolonged orientatio

movement towards
(orientation change
Stays within field of

PI Pause and resume Moderate cessation
guard territory).
Resumes behaviour
Displays different be
Stays within field of

MON Moved out of frame, no return Rapid change in dire
completely and rapid
No return.

MORI Moved out of frame, return immediately Rapid change in dire
completely and rapid
Returned immediate

MORI-2-8 Moved out of frame, prolonged return Rapid change in dire
completely and rapid
Returned within 2–8
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to oversee the process. Aggregations of pollack (Pollachius pollachius),
and thicklip grey mullet (Chelon labrosus) were also trackable within
SIMI, (despite not having distinguishing marks like G. flavescens) being
slow moving around the bait and contrasting from the background of
the footage. Whilst the authors recommend the software for the pur-
pose, the tracking process was fairly lengthy, since each individual fish
had to be tracked individually rather than multiple targets simulta-
neously. For this reason, the large amount of Plymouth footage was
scored using behavioural measures instead of the tracking approach.

3.2. Behavioural responses to playback signals.

The behavioural responses observed are summarised in Table 2.
Whilst responses were clear, statistics to identify the threshold noise
levels at which 50% of the exposed fish are expected to respond were
not undertaken on the data, due to the uncertainty resulting from the
realised sample size (low replication).

3.2.1. Lough Hyne
Grey mullet, observed circling the camera regularly, were generally

unresponsive to shipping playback (n = 101 observations), a sharp
ions, and definitions from Slabbekoorn et al. (2010) andVan der Graaf et al. (2012) for free-

ng, continued swimming behaviour
t), for a few seconds after stimuli.
n behaviour e.g. one change of direction immediately after exposure, or slow
or away from the bait in an opposite orientation to pre-exposure, and duration of.
more prolonged than c-start)
view.
or ‘pause’ of behaviour exhibited prior to exposure (e.g. ceases to feed, guard food,

immediately after.
haviour (e.g. aggression to other fish) not exhibited prior to exposure.
view.
ction, speed, location immediately after exposure leading to exit from the field of view
ly.

ction, speed, location immediately after exposure leading to exit from the field of view
ly.
ly
ction, speed, location immediately after exposure leading to exit from the field of view
ly.
min

ater video (BRUV) and motion analysis for studying the impacts of
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Fig. 4.Digital stills taken fromSIMIMotionAnalysis software, tracking themovement of two-spotted goby (Gobiusculus flavescens) around theBRUVbait during testing of the system(view
from the right camera of the stereoscopic pair). Digital still of motion analysis software showing the original video still and a graph of fish acceleration (A), with different colours
representing the various gobies tracked in (B); Example tracks of four different gobies, the reader is referred to the web version of this article for colour.
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directional changewas observed in two individuals at the highest expo-
sure level on one occasion (135.7 dB re 1 μPa root mean squared, RMS,
received). No reactions were observed to control trials indicating that
the equipment itself did not have an effect.

Of the responses exhibited, those of pollack were most clear since
swimming behaviour was observed at length prior to this, and was dis-
similar, with no sudden sharp directional changes or accelerations. As
an example the average swimming speed of one pollack prior to the re-
sponse was 0.02 m s−2, immediately after exposure to synthetic pile-
driving this increased to 7.21 m s−2 accompanied by a complete direc-
tional change (fig. 5). However, out of 16 pollack observed during play-
back, only one fish responded making generalisations impossible.

Two-spotted gobies (n=25–50per frame at any oneplayback, hun-
dreds present within the exposure area) did not respond to synthetic
pile-driving sound (levels c.a. 144–167 re 1 μPa SPL peak-to-peak) pos-
sibly due to the shallow location of their habitat which is expected to be
relatively noisy and may render the species insensitive to the sound
levels used in the experiments.

3.2.2. Plymouth
At the Plymouth experimental site the most abundant species were

cuckoo wrasse (Labrus mixtus) and pollack with 213 and 106 fish ob-
served respectively as part of groups or schools. A total of 144 playback
Table 2
Summary table for the results of BRUV trials. Behavioural responses are described as orientatio
mediately (MORI), no response (NR), moved out of frame no return (MON). Reactions were ex
posed in total (total number of successful playbacks).

Species
Frequency
(total exp) Behaviour Signature

Max. SPL
dB re 1 μPa
(pk-pk, received)

Max. SL
dB re 1 μ
(pk-pk)

G. flavescens – NR Impulsive c.a. 144–167

P. pollachius 3–4 POR 167 181
1 (16) 166.6 n/a

C. labrosus 1 (69) PORMORI Shipping 135.7 (RMS) n/a
1 (32) Impulsive 163.4 n/a

C. labrosus 2 (15) OR Impulsive &
Shipping

144.2–166.6

P. pollachius and
C. labrosus

36 (144) MON/OR/POR Impulsive 167 171 (10 m
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trials (excluding silent control exposures) were undertaken, with 10
different species recorded during this time.

The predominant reaction observed to synthetic pile-driving was a
c-start most frequently by cuckoo wrasse but also exhibited by other
species such as pollack at 167.0 dB re 1 μPa peak-to-peak (received)
(Table 2). This was observed at the maximum exposure level, most
often at the onset of exposure, although in some cases was exhibited
halfway through. In total 36 responseswere observed out of 144 exclud-
ing silent control exposures. In some cases during exposure to repeated
pile-driving sounds, one fish responded whilst others continued feed-
ing, and in other cases fishes responded to alternate strikes.

It is of note that most responses were short term, with the fish
returning to previous behaviour within a few minutes. For example,
several cuckoo wrasse were deterred from the bait upon exposure
onset, but returned within 2–8 min.

Although the responses were observed at the top level of playback,
the precise sound level was unable to be measured with precision due
to an equipmentmalfunction. A speculative estimate of the sound levels
at the frame would be a maximum received level of 167.0 dB re 1 μPa
peak-to-peak, whichwasmeasured in previous trials when the cameras
were approximately 10m from the array (10–15mdepth). This is an es-
timate given that it is an extrapolation from previous trials in other lo-
cations where propagation conditions may have been different.
n response (POR), brief orientation response (OR), moved out of frame and returned im-
hibited at the highest exposure levels. Figures in brackets indicate the number of fish ex-

Pa
Background SPL
dB re 1 μPa
(RMS) Details Observations

105.7–114.8 Lough Hyne Exposed during numerous equipment
tests (non-quantitative)
Motion analysis undertaken. Acceleration
changes observed.
101 exposures undertaken, cameras
deployed from shore in water depth b 10 m.

Lough Hyne 84 exposures, but footage quality poor,
hence only 16 observations of fish pre- and
post exposure undertaken.
19 control exposures, no responses observed.
Response observed at highest sound levels only.

) n/a Plymouth
sound

19 sites, depth b 24 m, 144 playbacks. 10
species recorded. Estimated sound levels
from previous trials.

ater video (BRUV) and motion analysis for studying the impacts of
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Fig. 5.Digital stills taken from SIMIMotion Analysis software, tracking themovement of three pollack (Pollacius pollachius) in response to playback noise (view from the left camera of the
stereoscopic pair). Eachfishwas shown to accelerate after exposure. Redfish (trace) acceleration and change of direction exhibited, Yellow fish (trace) sharp change of direction exhibited
and acceleration out of thefield of view, Bluefish (trace) approximately verticalmovement exhibited prior to playback, then a sharp change of direction in the horizontal plane to leave the
field of view. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

4.1. Responses to exposure

The species observed within this study have different hearing abili-
ties and therefore are likely to respond in different ways to similar
sound exposures (discussions of hearing criterion: Popper et al., 2014,
Ladich and Fay 2013). Pollack, in the Gadidae family, may detect both
the particle motion and pressure component of a sound wave, due to
the presence of a gas bladder. Without a physical connection between
the gas bladder and the ear, the species hearing is more restricted in
terms of frequency range compared to other, more sensitive species.
Other Gadidae species such as Gadus morhua (cod) appear sensitive in
the frequency range of 30–470 Hz (Chapman and Hawkins, 1973) and
to infrasound (b40 Hz) (Sand and Karlsen, 1986). The cuckoo wrasse
family Labridae, another species with a gas bladder but without a con-
nection to the inner ear, appears to be sensitive up to 1300 Hz (Schuijf
et al., 1971; Tavolga and Wodinsky, 1963). Finally the two spot goby
family Gobidae, may be sensitive up to 400 Hz due to a gas bladder,
but is less sensitive to sound than the aforementioned species (Lugli
et al., 2003). Therefore, as indicated in the present work, G. flavescens
and L.mixtusweremost likely to exhibit different responses to the play-
back sounds due to varied detection abilities. Indeed the two spot gobies
observed at Lough Hyne did not appear to respond to playback noise.
Theymay have been habituated to high background sound or noise dis-
turbance due to their frequent aggregations under a floating boat jetty
close to shore (Chapman and Hawkins, 1969; Knudsen et al., 1992;
Peña et al., 2013).

Despite the preliminary nature of the trial data, and thus tentative
inter- and intra-species extrapolations, the results here indicate that
impulsive noise in the received sound pressure level (SPL) range of
163–167 dB re 1 μPa (peak-to-peak) is sufficient to elicit behavioural re-
sponses from these species, such as c-start and directional avoidance.
The exposure levels here were similar to the 50% response levels calcu-
lated in Hawkins et al. (2014b) for schools of sprat Sprattus sprattus and
mackerel Scomber scombrus, which used the same sound projector
array. Whilst the 50% response level could not be calculated for the cur-
rentwork due to the small amount of data, thiswill likely vary according
to the species hearing ability and also with exposure context. It is possi-
ble that the species encountered and exposed have higher auditory
thresholds.

Playback of shipping noise of received SPL 142.7 dB re 1 μPa (RMS)
was sufficient to startle thicklip grey mullet repeatedly here. Similar
levels of boat noise (142–162 dB re 1 μPa, RMS) have been demonstrat-
ed to alter the time budgets of reef fish such as red-mouthed gobies and
damsel fish (Gobius cruentatus and Chromis chromis), which subse-
quently spent less time caring for nests (Picciulin et al., 2010). However
there is great variation in the frequency composition of boat engine
noise, and therefore the exposures of the current work may not be
Please cite this article as: Roberts, L., et al., Use of baited remote underw
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directly comparable to other boat playback exposures. For example
the signatures of Picciulin et al. (2010) had a main spectra energy con-
tent of below 1.5 kHz (peaks 1033 Hz and 602 Hz for a ferry and small
recreational boat, respectively).

There are few previous studies giving comparable data to those here
that have observed free-living fishes during playbacks of sound
(Picciulin et al., 2010; Wardle et al., 2001), Table 3. Wardle et al.
(2001) found that individual tagged reef fishes did not react to airgun
shots of received peak SPL 195–210 dB re 1 μPa (201–216 dB re 1 μPa
peak-to-peak). Regular video recordings indicated that the noise did
not disturb the daily patterns of the schooling and resident fishes,
apart from the involuntary c-start response. The fish, as residents of
the reef, may well have detected the sound but that it was not deemed
a sufficient threat to leave the ‘safety’ of the home territory. This empha-
sises the importance of ‘motivational state’ influencing reaction in the
animal (Lima and Dill, 1990); for example, the lure of the baitmay over-
ride responsiveness to sound. Nomadic or migrating fishes would per-
haps respond in a different way, perhaps as shown in the current
work. It is of note that the camera system in Wardle et al. (2001) used
a floodlight and this may have affected behaviour, although this may
have been counteracted by the long duration of the system on the sea-
bed allowing full acclimation of the fishes.

The remaining studies involve captive fish in field conditions,
(summarised in Table 3). In the current work, c-start responses were
exhibited by cuckoo wrasse and pollack, in addition to directional
changes and acceleration. These responses are in accordance with
Table 3, with the exposures in this case being clearly sufficient to
cause behavioural changes despite the provisional analysis.

The replication of impulsive noise in the current work is thought to
be representative of actual pile-driving (discussed later), therefore com-
parisonsmay bemade between the current work and others using pile-
driving exposures, for example Nedwell et al. (2006) who exposed
caged brown trout (Salmo trutta) to pile-driving. Received levels in the
cages (calculated from the data later) and estimated at 189 and
198 dB re 1 μPa (peak) (204 dB re 1 μPa peak-to-peak) for small and
large diameter pile-driving respectively (Popper and Hastings, 2009).
However, it is important to emphasise thatwhilst thewater-borne com-
ponent of the soundwas accurately reproduced,many activities, such as
pile-driving, produce additional substrate-borne vibrations which the
projector could not, and did not, aim to mimic (Nedwell et al., 2003;
Roberts et al. 2015, Roberts et al. 2016). However, for the species ob-
served here, being demersal or pelagic, this is not likely to be of great
significance.

4.2. Experimental setup and deployment

4.2.1. Motion analysis of footage
Motion analysis software was successfully used to track the move-

ments of fishes in response to noise. The system was simple and was
ater video (BRUV) and motion analysis for studying the impacts of
, http://dx.doi.org/10.1016/j.marpolbul.2016.08.039
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able to track movement automatically using pattern-matchingwith ad-
ditional manual intervention, and digital stills of tracks and graphed pa-
rameters were straightforward to produce using accurately calibrated
cameras. Footage obtained during the field trials was trackable to vary-
ing degrees depending on the species observed, light levels and back-
ground conditions, illustrating that for free-ranging experiments
motion analysis software is an efficient and effective tool. Of course,
this approach can only be of use when fish are within the frame of
view; hence its value is restricted for short lived behavioural changes
over a small spatial scale.

Tracking software has been used to measure movement in a variety
of different organisms ranging from spiders and crickets (Hall et al.,
2010; Sensenig et al., 2010) to bats and chameleons (Fischer et al.,
2010; Schaub and Schnitzler, 2007). Three-dimensional tracking pro-
grams are not specifically designed for fishes, however, therefore the
automatic algorithms used are sometimes unable to pick up movement
without the use of markers to target specific features. Many interpreta-
tions and standardisations have to be used for example choosing which
part of the fish to track (eye, coloured feature, or caudal or dorsal fin),
the problem of fishes leaving the field of view and more large-scale
problems such as the influence of interactions between individuals
and species within the footage. For example, in the case of the Lough
Hyne footage, two-spotted gobies were automatically tracked due to
the clear black spot on the caudal fin, however, difficultieswere encoun-
tered with more cryptic species.

4.2.2. Deployment
The current experiment was logistically challenging, especially in

field conditions, since certain depths and distances were required,
which in some cases meant periodic readjustment of the vessel as the
tide changed. Anchoring of the vessel near the BRUV required precise
positioning, taking into account the prevailing currents and the distance
from the camera frame. In the later trials, the umbilical cable from the
camera frame also had to be suitably slack throughout the experiment
to ensure stability of the BRUV. This meant, in some cases, continual ad-
justment of the equipment and the vessel. Modification of the buoyancy
on the ropes was necessary to prevent the umbilical rope being lost.
Such deployment concerns, whilst common to marine work, created
difficulties in the field. There was concern that even with the engine
off, the boat made noise (e.g. wave slap). For this reason it was
suggested that a large buoy could be used to deploy the projector
array remotely in a similar way to the camera and operated from dis-
tance but this was not attempted due to time constraints. Instead, for
later attempts a smaller vessel was used to minimise these potential
confounding effects.

Even without the sound projectors, deployment of the BRUV had its
own difficulties such as instability, retrieval issues caused by the entan-
glement of cables on the seabed or onmacroalgal fronds, or an obscured
field of view. Moveable camera heads, controllable from the surface,
would have been valuable for the latter. Therewere additional problems
through a normal feature such as a lack of fish aggregations across ex-
posed area, hence where possible deployments were undertaken near
to wrecks or reefs, and a wide range of bait was used. In situations like
this the knowledge and expertise of the skipper was essential. In some
cases the choice of site overruled other conditions required for the ex-
periment, for example despite multiple attempts at the work away
from boat traffic, the final experimental area in Plymouth was closer
to the harbour than intended, simply due to higher fish aggregations
in these areas.

The greatest difficulty was that of water visibility which required
constant monitoring of water conditions, meaning that an ‘on call’ ap-
proach was necessary for mobilisation. The success of a deployment
was thus a trade-off between ideal bathymetry, camera picture, water
visibility, ambient noise levels and numbers of species present. It was
not possiblewithout long-termmonitoring to knowwhether the partic-
ular area was suitable for the BRUV approach. Ideally an area of
ater video (BRUV) and motion analysis for studying the impacts of
, http://dx.doi.org/10.1016/j.marpolbul.2016.08.039
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importance to the resident species - for example a key breeding or for-
aging area would be suitable.

It is of note here that use of hand-held diver cameras could not be
undertaken due to high levels of playback sound being introduced
into the water, and since a live feed was required to the surface to
alert the experimentor of fish presence before and after the exposure.

Although great efforts were taken to maximise the attractiveness of
the BRUV to targeted species, in some locations such as Lough Hyne,
there were only transient animals with no or little interest in the bait.
Ideally bait would not have been used to attract animals, with reliance
on individual natural behaviours leading to approaching the playback
station, but it was clearly necessary to entice fish to the proximity of
the cameras and to observe sufficient numbers of organisms. Light
may also be used as an attractant but may also affect behaviour (Juell
and Fosseidengen, 2004; Raymond and Widder, 2007; Ryer et al.,
2009). The second set of experiments attracted more fish, and experi-
ments could be undertaken even though a low number so positive reac-
tions were observed. It is not clear whether fish that have been lured to
the bait may ‘choose’ not to respond to audible stimuli at levels that
would otherwise elicit a response.

Here in some cases it was difficult to follow each subject throughout
the duration of a playback clip. Furthermore it was often unclear if that
same individual was exposed multiple times to the same stimulus or
noise levels. This could be overcome by using an array of cameras or
by monitoring the organism movement in another way. For example
acoustic tags can be used, eliminating the need for confinement but
maximising the traceability of the target (Engås et al., 1998; Thomsen
et al., 2010; Wardle et al., 2001). However the overarching aim here
was the observation of free-ranging and non-manipulated animals. Tag-
ging is an invasive process and responses may not be fully representa-
tive of natural behaviour; tagging also limits the species type and
abundance that can be observed.

The sounds produced were an accurate representation of an actual
pile driver and a large container ship in the acoustic far field, in terms
of energy peaks and spectra, as discussed in detail in Hawkins et al.
(2014b). In addition to this, the pulse-like nature of the synthetic impul-
sive sound in thiswork is similar to that of airguns or pilling, providing a
tentative indicator of responses to these source types. The water-borne
SPL of pile-driving may be in excess of 210 dB re 1 μPa peak-to-peak at
100m from the source, and at 10 kmmay be over 140 dB re 1 μPa peak-
to-peak (Nedwell et al., 2003). Therefore responses observed in this
study were elicited at levels that fall within the vicinity of a pile-driving
rig up to 10 km. The shipping noise in this study elicited responses at
142.7 dB re 1 μPa (RMS). Other continuous sources, such as drilling
and wind turbines have been measured at 142–145 dB re 1 μPa (RMS)
(Götz et al., 2009), within a similar frequency range and therefore the
species here may react in a comparable way to these sources.

4.2.3. Challenge of linking results to population level
The present work indicates that short term responses by individuals

may be elicited by impulsive and continuous noise stimuli, and on a
wider scale research shows that the effects may range from death, inju-
ry and damage to hearing, loss of communication to distributional
changes, predator-prey modifications, reduced feeding or problems
with orientation (Engås et al., 1996; Hawkins et al., 2014b; McCauley
et al., 2003; Popper et al., 2007; Simpson et al., 2014; Smith et al.,
2004; Wale et al., 2013). Scaling these changes up to the population
level is a major challenge, although this has been proposed using
various models. These include the source-path-receiver model
(Richardson et al., 1995; Tasker et al., 2010), and the Population Conse-
quence of Acoustic Disturbance (PCAD) devised for marine mammals
(NRC, 2005) (recently transferred into a workable mathematical ver-
sion with consideration to other disturbances, Harwood and King,
2014). Another approach is the use of individual-based modelling
(IBM) (NRC, 2005; Willis, 2011), which incorporates physiological and
behavioural traits of individuals with environmental parameters
Please cite this article as: Roberts, L., et al., Use of baited remote underw
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enabling the prediction of responses to stressors (Rossington et al.,
2013; Willis, 2011; Willis and Teague, 2014). These models are based
on ‘rules’ such as for movement and for physiological requirements of
fish. For example Rossington et al. (2013) used IBM to predict the re-
sponse of cod to noise from anoffshorewind farm. However all such ap-
proaches require detailed information on responses, life histories,
exposure levels as well as the dose-response relationship, and whether
responses are ecologically relevant (affecting fitness) for which data are
lacking, especially for fish (Popper et al., 2014). The approach detailed
here, with SIMI software potentially producing detailed locomotory pa-
rameters of the fish such as swimming speeds, directional and angular
changes, is able to provide relevant datawhich, in associationwith hear-
ing abilities, could be incorporated into suchmodels. Similar approaches
could be applied to invertebrates such as crustaceans and bivalves, for
which recent sensitivity to anthropogenic vibration has been docu-
mented (Roberts et al., 2015, 2016).

A different approach to predicting the impacts of noisemay be to use
a risk assessment framework (Hawkins and Popper, 2014; Tasker et al.,
2010). This may consist of hazard identification, exposure assessment,
exposure response assessment, risk characterisation and risk manage-
ment (Tasker et al., 2010). The applicability of this approach to marine
species is discussed by Hawkins and Popper (2014) by using a specific
experimental case study involving fish schools exposed to impulsive
sound (Hawkins et al., 2014b). The currentwork, sharing the same play-
back array and noise signatures as Hawkins et al. (2014b), when repeat-
ed on a larger scale would be able to inform such approaches.
Alternatively, Ellison et al. (2011) propose a deviation away from
dose-response based predictions, towards a contextual approach in-
volving many factors, such as activity state of the animals, or novelty
of the sound to the animal, rather than amplitude of exposure alone.
Again, the observations from the current study enhance that contextual
approach.

4.2.4. Management implications
Until recently, ‘noise’ has been little considered as a pollutant sensu

stricto, i.e. material added to the environment which potentially causes
biological harm. This has changed with the advent of governance initia-
tives such as the 2010 EUMarine Strategy Framework Directive (MSFD)
which includes noise in a Descriptor used to determinewhether an area
is in Good Environmental Status by 2020 (Borja et al., 2013). The frame-
work comprises of eleven qualitative descriptors, of these the eleventh
refers to underwater noise, defined as “the introduction of energy, in-
cluding underwater noise, is at levels that do not adversely affect the
marine environment” (Tasker et al., 2010; Van der Graaf et al., 2012).
There are two indicators relating to noise, relating to low and mid fre-
quency impulsive sounds (indicator 11.1.1) and low frequency continu-
ous sound (indicator 11.2.1). These must be defined and monitored
with time. Hence, although population level effects are little under-
stood, management of noise within themarine systemmust still be un-
dertaken. Mitigation measures may involve control of the noise source
itself, engineering changes to reduce noise production, and monitoring
of noise levels. Using the 10-tenets of sustainable and successful marine
management proposed by Elliott (2013), management of noise must be
ecologically sustainable, economically viable, i.e. not prohibitively ex-
pensive to the industries creating ocean noise; technologically feasible
i.e. having appropriate technology for reduction, and societally tolera-
ble, i.e. havingmeasures accepted by communities if they are to be suc-
cessful (Ducrotoy and Elliott, 2008; Elliott, 2013; Normandeau
Associates, 2012). The recent legislation, such as the MSFD, gives sup-
port for effective measures and monitoring systems. Mitigation mea-
sures require the setting of specific quantitative standards or criteria
(‘rules’) and the enforcement of such standards; indeed if there are no
quantitative standards then monitoring cannot detect if management
measures have been successful (Elliott, 2011). This is further complicat-
ed as noise, aswith other anthropogenic stressors,may be cumulative or
in combination with other influences (Crain et al., 2008; Halpern et al.,
ater video (BRUV) and motion analysis for studying the impacts of
, http://dx.doi.org/10.1016/j.marpolbul.2016.08.039
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2008; Normandeau Associates, 2012; SoundWaves et al., 2012). For ex-
ample pile-driving not only creates noise, but the end-product may be a
new physical structure in the ocean, which may induce local environ-
mental changes such as artificial light and chemical or hydrographical
variations. Other sounds are intentionally produced, such as seismic
surveys, or are incidental to human processes such as the transport of
goods (shipping) or the construction of a wind farm (pile-driving)
(SoundWaves et al., 2012). Indeed, a comprehensive management of
multiple environmental stressors is necessary to evaluate impact upon
the marine environment (Elliott, 2014; Halpern et al., 2008); hence
noise monitoring and management become an integral part of marine
management.

Given the increasing development of indicators to assess environ-
mental quality (Borja and Dauer, 2008; Gray and Elliott, 2009; Rees
et al., 2006), noise criteria must be defined quantitatively and for suc-
cessful need to be SMART- Specific, Measurable, Achievable, Realistic
and Timely (Doran, 1981). As yet, such indicators have been proposed
but yet adopted for noise, hence the importance of empirical evidence
such as that given here. It is recognised that the proposed indicators
do not, and do not seek to, cover all anthropogenic sources, for example
an indicator to cover acoustic deterrent devices has been suggested for
the future (Tasker et al., 2010). However implementation of such a
strategy is difficult, as discussed by Van der Graaf et al. (2012). Interna-
tional standards are even lacking for the terminology describing under-
water sound, there are few baseline data and the effects of noise upon
marine organisms is relatively unknown compared to other pollutants.
Vander Graaf et al. (2012) discuss three options for setting the exposure
criteria of impulsive sound (indicators 1 and 2) within the paucity of
data: the first is to use two exposures defined by Tasker et al. (2010)
(183 dB re 1 μPa2 m2 or zero to peak source level 224 dB re
1 μPa2 m2), the second is to use a risk assessment approach to estimate
threshold values (e.g. Cormier et al., 2013), and the third is to estimate
threshold levels for each source individually. It is proposed that option
2 is best since it would incorporate a more solid scientific foundation.
Once a threshold is decided for a source, a register of impulsive sounds
will be used to enable enforcement. For continuous low frequency
sound (indicator 3), it is proposed that, due to the costly nature of am-
bient noise monitoring, areas of high shipping traffic are to be moni-
tored and modelled (Van der Graaf et al., 2012). This approach has
been questioned within the underwater acoustics research community,
for exampleMerchant et al. (2014) argue that by representing high traf-
fic areas only, changes in areas of lower pollution will be overlooked.

In order to aid the setting of indicators, and implementation of
management approaches then, there is a need for methodologies such
as the current work for quantifying the dose of noise required to elicit
behavioural responses in fish. Most crucially, these methods should be
repeated on a variety of species, using variable source types, to begin
to fill the ‘information gaps’ present in the underwater research field
(Hawkins et al., 2014a).
5. Conclusions and recommendations

The experimental methods, noise sources, metrics reported, envi-
ronmental parameters and use of naїve experimental subjects present-
ed in this work provide a viable approach to investigate responses to
calibrated noise signatures. Through these initial results, the current
work was successful in developing the equipment andmethodology re-
quired to undertake a BRUV experiment which has not, to this extent,
previously been attempted. This method shows that it is possible to ob-
serve reactions of individual fish to noise without the use of tags or cap-
tivitywhichmay adversely affect behaviour. Given the ambitious nature
of the experiment it is not surprising that future recommendations are
the basis of this work, rather than solid dose response outputs, but
that the results indicate that the ‘ideal’ playback experiment on wild
fishes is feasible with our considerations taken into account.
Please cite this article as: Roberts, L., et al., Use of baited remote underw
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It is recommended that similar studies should be performed in a
semi-enclosed, or enclosed area where a camera system could be de-
ployed for a long period, to bemonitored continuously from the surface
perhaps from shore. Although it is difficult to find a suitable location
success of the experiment could be achieved using landers with a
maximised field of view (for example four cameras, a set on each side,
thus doubling the field of view), and long-term deployments would
provide more flexibility. Alternatively several synchronised 360° imag-
ing panoramic or wide angle cameras arranged in semi-permanentmo-
tion capture arrays could be monitored for fish behaviour and received
noise levels from nearby coastal locations via a wireless IP network as
trialled in the first BRUV prototype. Such state-of-the-art motion cap-
ture array(s) can be easily linked to sound projectors of the type used
in this work using existing Transmission Control Protocol/Internet Pro-
tocol (TCP/IP) technology. Motion capture arrays could be deployed at
different locations where anthropogenic noise is expected to vary
with time (before-after condition) or sister arrays deployedwithin con-
trol (no anthropogenic noise) and exposure locations where anthropo-
genic noise is expected (shipping route, seismic prospection area,
drilling or pilling zone, etc.) (control-impact conditions).

The prototypes and methodologies developed in this study can pro-
vide a crucial basic understanding of thresholds of response and type of
short term reactions expected from realistic noise exposures for a range
of marine species. However the translation of short term behaviours of
fish (and invertebrates) up to population level implications, and the
use of such data to inform management requires further research.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marpolbul.2016.08.039.
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