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1.  INTRODUCTION

In terrestrial and aquatic environments, sound has
been used to deter animals and reduce the effects of
human−wildlife conflict (Bomford & O’Brien 1990,
Götz & Janik 2013). In most cases, aversive sounds
are employed to protect a human interest, but on
occasion, they are used to protect the animals them-
selves (Brandt et al. 2013a, Dawson et al. 2013).
Acoustic deterrent devices (ADDs) have been used to
deter pinnipeds from Scottish fish farms since the
1980s (Götz & Janik 2013, Coram et al. 2014). Seals
can cause damage to fish farm pens and fish through

depredation, so in a bid to reduce economic loss by
non-lethally deterring animals, ADDs have been
adopted routinely on fish farms and are often consid-
ered benign control methods. ADDs, however, can
have unintended effects on other wildlife such as
causing hearing impairment or masking sounds for
communication or predator detection (Götz & Janik
2013). Disturbance from ADDs can also result in
large-scale habitat exclusion of non-target species
from areas important for foraging, resting or repro-
ducing (Gill et al. 1996, Johnston 2002, Morton &
Symonds 2002, Olesiuk et al. 2002). This has the
potential to have substantial effects on both the fit-

© Inter-Research 2021 · www.int-res.com*Corresponding author: vj@st-andrews.ac.uk

Behavioural reactions of harbour porpoises
Phocoena phocoena to startle-eliciting stimuli:
movement responses and practical applications

Helen M. Hiley1,2, Vincent M. Janik1,*, Thomas Götz1

1Sea Mammal Research Unit, Scottish Oceans Institute, School of Biology, University of St. Andrews, St. Andrews, 
Fife KY16 8LB, UK

2Present address:  Scottish Association for Marine Science, Scottish Marine Institute, Dunstaffnage, Oban, Argyll PA37 1QA, UK

ABSTRACT: Acoustic deterrent devices are frequently used as a mitigation method to exclude
harbour porpoises Phocoena phocoena from areas of potential harm, such as wind farm construc-
tion sites. However, there is increasing evidence that the devices themselves have the capacity to
cause hearing damage. Here, we investigated the response of harbour porpoises to a 15 min
sequence of 200 ms sound (peak frequency 10.5 kHz, range 5.5−20.5 kHz, 27 sounds total), which
elicits the acoustic startle reflex. We used a duty cycle (0.6%) and sound exposure level that were
significantly lower than in conventional acoustic deterrent devices. Harbour porpoises were
exposed to startle sounds from a small vessel, and groups were visually tracked during 13 sound
exposure sequences and 11 no-sound control trials. Porpoises showed a significant avoidance
reaction during exposure, travelling a mean distance of 1.78 km (max. 3.21 km). In all cases, they
left the area within 1 km of the sound source in the first 15 min after the start of the startle se -
quence. No avoidance was exhibited during control trials. Results are consistent with the startle
reflex mediating this behaviour at low response thresholds. Our method can be used for mitigat-
ing collision risk and the risk of hearing damage from renewable energy installations, their con-
struction and the deterrence device itself.

KEY WORDS:  Acoustic startle · Acoustic deterrent · Anthropogenic noise · Harbour porpoise ·
Noise mitigation · Startle-eliciting stimuli

Resale or republication not permitted without written consent of the publisher

https://crossmark.crossref.org/dialog/?doi=10.3354/meps13757&amp;domain=pdf&amp;date_stamp=2021-08-19


Mar Ecol Prog Ser 672: 223–242, 2021

ness of individuals and the survival of populations.
On the west coast of Scotland, ADDs have become a
widespread source of noise pollution (Findlay et al.
2018) and are likely to affect both target and non-
 target species due to the high densities of both seals
and cetaceans in this area. Despite their prevalence
in the aquaculture industry, few studies have proven
the long-term effectiveness of ADDs as a pinniped
deterrent (Jefferson & Curry 1996, Götz & Janik 2013),
but many have now shown that they are highly effec-
tive at deterring harbour porpoises Phocoena pho-
coena (Johnston 2002, Olesiuk et al. 2002, Brandt et
al. 2013a, Mikkelsen et al. 2017). This has resulted
in the adoption of ADDs by the renewable energy
industry as a way to deter harbour porpoises from
areas prior to pile driving for the construction of off-
shore wind farms.

The average size of offshore wind farms under con-
struction has almost doubled in the last decade, and
there are now 110 offshore wind farms in 12 Euro-
pean countries (Walsh 2019), with the North Sea
alone accounting for 77% of all offshore wind capac-
ity in Europe. With the global offshore wind capacity
projected to increase 15-fold over the next 20 yr (IEA
2019), it is extremely important to effectively miti-
gate the impact of construction and operation on
marine mammals.

Due to its high sensitivity to anthropogenic noise,
the harbour porpoise has been regarded as an indi-
cator species in noise impact evaluations (Southall et
al. 2007, 2019, Tougaard et al. 2015). During wind
farm construction, piles are driven into the seabed,
which results in high levels of impulsive noise
(Tougaard et al. 2009, Bailey at al. 2010, Brandt et al.
2013a, Hastie et al. 2019). It has been demonstrated
that porpoises react to piling at considerable distances
(Tougaard et al. 2009, Brandt et al. 2011, 2013b), and
both single and multiple exposures to impulsive noise
have been shown to cause temporary threshold shifts
(TTSs) in harbour porpoises at lower noise levels
than in other odontocetes (Lucke et al. 2009, Kastelein
et al. 2016).

Harbour porpoises are abundant in the North Sea
(Reid et al. 2003, Hammond et al. 2017), with shallow
areas thought to be important for calving and nursing
(Koschinski 2001, Gilles et al. 2016). Therefore, with
the expected increase in wind capacity, the potential
for impact on harbour porpoises during wind farm
construction is high. Tidal resources are also being
exploited as another source of renewable energy,
and with a number of tidal turbine projects now in
their early stages, the risk of injury or death to mar-
ine mammals due to collision is of particular concern

(Wilson et al. 2007, Malinka et al. 2018). Harbour
porpoises are afforded protection under Annexes II
and IV of the EU Habitats Directive, which prohibits
significant disturbance, and the UK has now estab-
lished extensive Special Areas of Conservation for
this species (JNCC 2016).

The traditional approach to mitigation for offshore
wind farm construction is to determine an exclusion
zone within which animals are deemed to be at risk
and then monitor the area visually and with passive
acoustics to ensure that no animals are present be -
fore pile driving takes place (JNCC 2010). This can,
however, be expensive and is often limited in success
(especially during poor weather or at night). There-
fore, producing sound to exclude animals from an
area to mitigate the risk of injury is becoming more
widely used (Bundesministerium für Umwelt 2014).

Most countries use noise exposure criteria recom-
mended by Southall et al. (2019) as well as NOAA
criteria (NMFS 2016, 2018) to assess the impact of
man-made noise on marine mammals, though details
of noise criteria set in place still vary between coun-
tries (Erbe et al. 2019, Stöber & Thomsen 2019). In
addition, there are national differences in what kinds
of effects are seen as acceptable. In Germany, for
example, a temporary hearing threshold shift is con-
sidered an injury, whereas in the rest of the EU and
in the USA, only a permanent shift is considered an
injury (Bundesministerium für Umwelt 2014, Erbe et
al. 2019).

A variety of ADDs are available commercially, with
the majority of them operating at a range of 5 to 40 kHz
and a source level of 184 dB re 1 μPa or above (Lepper
et al. 2014, Findlay et al. 2018). This frequency range
overlaps with the most sensitive hearing range of har-
bour porpoises (Kastelein et al. 2010, Götz & Janik
2013). The most commonly used devices in the aqua-
culture industry in Scotland are the Ace Aquatec, Tere-
cos and Airmar ADDs (Northridge et al. 2010, Götz &
Janik 2013, Findlay et al. 2018) and recently the Otaq
ADD (an Airmar variant); however, it is the Lofitech
ADD which has been tested most extensively for use
as a mitigation device (Brandt et al. 2013a,b). This de-
vice device emits 0.5 s long pulses at 14 kHz, with
weak harmonics, at a source level of 189 dB re 1 μPa
and a duty cycle (DC; the fraction of time a device is
producing sound) of 12% (Brandt et al. 2013a).

While these ADDs appear effective at deterring
harbour porpoises (Johnston 2002, Brandt et al.
2013a), they also have the capacity to cause hearing
impairment (Schaffeld et al. 2019). Theoretical calcu-
lations show that an exposure of around 12 min to the
noise produced by an Airmar dB plus ll operating at
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its 50% DC would lead to a TTS in harbour porpoises
within 345 m of the device (Götz & Janik 2013). A sin-
gle exposure to an ADD signal similar to that of the
Lofitech (peak frequency 14 kHz) also has the poten-
tial to induce TTS in harbour porpoises at distances
of up to 5.9 km (Schaffeld et al. 2019). It is therefore
necessary to consider alternatives and to develop
devices that can successfully deter animals without
causing unintended detrimental effects.

An alternative method to traditional deterrence
devices is to deter marine mammals using sounds
that elicit the autonomous reflexes associated with
the flight response. Götz & Janik (2011, 2015, 2016)
have utilised the acoustic startle response to develop
a target-specific acoustic predator deterrence system
which is able to deter pinnipeds and reduce preda-
tion on fish farms without affecting harbour por-
poises. The acoustic startle response is characterised
by a rapid contraction of facial and skeletal muscles
(flexor muscles) which is mediated by an oligosynap-
tic pathway located in the lower brainstem (Koch &
Schnitzler 1997). By exploiting the different hearing
abilities of pinnipeds and non-target species (odonto-
cetes are less sensitive to sounds below 5 kHz), the
startle response can be elicited in seals without af -
fecting other species (Götz & Janik 2015, 2016).

The startle reflex has also been found to be present
in odontocetes (Götz et al. 2020, Elmegaard et al.
2021). With the forecasted future increase of renew-
able energy developments and a clear need for a
deterrent device which has the potential to target
both porpoises and pinnipeds in mind, we tested the
effectiveness of the acoustic startle technology on
harbour porpoises. By changing the peak frequency
of the startle signal, this enabled us to target harbour
porpoises, while ensuring that the signal would also
have the potential to deter pinnipeds. The study
aimed to determine how harbour porpoises react to
the startle-eliciting stimuli and assess whether the
device could be used as an alternative mitigation
method for excluding porpoises from potential areas
of harm, at a sound level and DC lower than those
produced by currently available devices.

2.  MATERIALS AND METHODS

2.1.  Study sites

The study took place at 3 field sites (Fig. 1) on the
west coast of Scotland over 3 yr (2017−2019). In 2017,
our study site was located in Shuna Sound, Loch
Shuna, the Sound of Luing and the body of water

west of Scarba and the Grey Dogs tidal race. Track-
ing stations were located on the islands of Luing,
Arsa and Scarba. In 2018 and 2019, 1 site was located
around the Isle of Raasay, in Loch Arnish and the
adjacent sound of Raasay, while the other site was
located in Coalas Mòr next to the Crowlin Islands.
Tracking stations were located at 2 sites on the Isle of
Raasay and 2 on Eilean Mòr. Sites were chosen based
on areas of predicted high density of harbour por-
poises based on data from Scottish Natural Heritage.

2.2.  Sound exposure device and stimuli

The sound exposure system consisted of a Lubell
9161 underwater transducer, a Cadence Z9000 power
amplifier and a Tascam DR-40 audio player. The
tested sound signal consisted of 0.2 s long band-
 limited noise signals (Fig. 2). The projected signals
had a peak frequency of approximately 10.5 kHz and
a −40 dB bandwidth of 15 kHz; within this, the fre-
quencies at which power was 40 dB below the peak

225

Fig. 1. West coast of Scotland with 3 field sites marked in red
boxes. The 2017 field site (bottom box) was located around
the islands of Shuna, Luing and Scarba in Argyll; 2018 and
2019 field sites were located around Raasay (top box) and
the Crowlin Islands (middle box) near the Isle of Skye
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were 5.5 and 20.5 kHz (Fig. 2). The rise time of the
projected signal at 2 m distance was approximately 2
to 3 ms. The signal was generated with band-pass fil-
ters from white noise (stochastic noise). The frequency
band was chosen to fall within a sensitive hearing
range of odontocetes. A broadband signal was cho-
sen to optimise the probability of eliciting a startle re -
sponse (Stoddart et al. 2008). In addition, the sound
pressure level (SPL) in one-third octave bands (and
the associated TTS risk) is lower in a broadband sig-
nal compared to a pure tone of the same broadband
source level. In an exposure sequence, 27 signals
were emitted within a 15 min period, resulting in an
overall DC of 0.6%. Signals within a sequence were
emitted at randomised intervals ranging from 9.4 to
59.4 s.

Our recording system consisted of a calibrated
Reson 4013 hydrophone and either a National Instru-
ments card or a SAIL DAQ card and a laptop com-
puter using PAMGuard software (Gillespie et al.
2008). Data analysis was conducted in MATLAB. The
sound output of the exposure system was measured
in units of SPL, defined as SPL = 20 × log10(p/p0),
with p being the sound pressure in units of Pascal
and p0 being the reference pressure (1 μPa). In our
measurements, the SPL was calculated as SPL = |Hs|
– gain + 20log V, with |Hs| being the absolute of the
hydrophone’s voltage sensitivity (in dB re 1V/μPa),
gain being any gain amplification in the recording
system (pre-amplifier gain in addition to the settings

of the DAQ card) and V being the voltage or digital
units. For determining the source level of the expo-
sure system, the hydrophone was attached to the
transducer frame with a rigid pole (to ensure consis-
tent on-axis measurements), at a distance of 1.5 or
2 m in at least 4 to 5 m water depth, and the received
level (SPL measured by the hydrophone) was meas-
ured. The source level was then back-calculated
assuming spherical spreading, which, due to the
recording geometry and water depth, was most
likely over the first 2 m. The source level was
checked at least once each field season in the
absence of animals before experiments commenced
using this method. The exposure system was ad -
justed to operate at a broadband source level (SPL) of
180 dB re 1 μPa for each individual signal. The
source level (SPL) in the one-third octave band with
the highest SPL for 1 signal was 176 dB re 1 μPa. The
broadband sound exposure level (SEL) of a single 0.2
s signal was 173 dB re 1 μPa2 s, while the highest SEL
over a 1 s time window (SEL 1 s) in one-third octave
bands was 169 dB re 1 μPa2 s at the peak frequency.
During the control treatment, the transducer was low-
ered into the water, but no signal was played.

2.3.  Visual tracking

Visual observations were conducted from shore-
based vantage points (ranging from 21.5 to 93.4 m
above the sea surface) overlooking the trial locations.
These vantage points provided a good overview of
the study sites, allowing porpoise groups to be tracked
in the area. A photogrammetric approach was em -
ployed to carry out focal follows. Observations were
carried out by a maximum of 4 observers, from a
maximum of 2 tracking stations, using the naked eye
and 7 × 50 binoculars mounted on a custom-built
frame above a Canon EOS 80D DSLR with a Sigma
500 mm lens or a Canon EOS 1300D using a Canon
EF 70 to 300 mm lens. The positions and altitude of
the tracking stations were measured with a Garmin
GPS12 eTrex Summit on each day of the study.

A Sokkia SET5E theodolite was used to measure
reference points from each observation site. The hor-
izontal theodolite angle was set to zero using a
known landmark from each site. The bearing from
the theodolite to the zero landmark was calculated
using the geographical position of the theodolite and
the landmark. Vertical and horizontal bearings from
each tracking station to each reference point were
also measured. With both the location and height of
the tracking station known, and the known locations
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Fig. 2. Sound pressure level (SPL; squares, dotted line) in one-
third octave bands (TOBs) and power spectral density (circles,
continuous line) for the startle signal tested in this study
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of reference points captured in the videos, the geo-
graphic positions of porpoises at the sea surface were
determined using a triangulation method (Leaper &
Gordon 2001, Gillespie et al. 2008).

A tide height table for tidal stations near the study
sites was exported from POLTIPS-3 software and
uploaded into PAMGuard (Gillespie et al. 2008). This
enabled the inclusion of tide height in the calculation
of animal positions.

2.4.  Experimental protocol

A trial consisted of the initial tracking of 1 group of
porpoises followed by a 15 min sound exposure or
control observation period and the subsequent track-
ing of the same animals for another 90 min or until
they were out of sight. Before the start of each trial,
all watches, cameras and GPS times were synchro-
nised to ensure all land-based tracking and boat-
based teams were working on the same time frame.
All teams were in radio contact throughout each trial,
allowing for the coordination of locating and tracking
porpoise groups and the sharing of information im -
portant to the trial. During trials, observers scanned
for harbour porpoises using both the naked eye and
binoculars. If an observer detected a group of ani-
mals, the camera was switched on, and the video was
used to record consecutive surface positions as the
observer tracked the animals using the binoculars for
a minimum of 15 min. The land-based spotting team
informed the other teams of the time that the track-
ing period began and the location of the focal group
in relation to the boat. Every time an animal surfaced,
the observer provided an acoustic cue on the video to
aid video processing. If animals did not resurface for
15 min, the video was turned off, and scanning for
new animals commenced. If a new group was located,
a new tracking period was started. When porpoises
were first sighted, the boat-based team remained at
the edge of the study area, scanning for porpoises
with the naked eye and awaiting directions from a
land-based team. If multiple porpoise groups were
seen in the area and 2 tracking teams were in place,
the 2 teams coordinated to track different focal
groups. If only 1 focal group was present, then both
stations tracked the same group.

After the initial 15 min of tracking, the land-based
observers directed the boat to approach the focal
group. The mean distance between the boat and the
last recorded surface position of a porpoise group as
measured by photogrammetry before the start of the
treatment was 124 m (range 30−520 m). For controls,

the mean distance was 90 m (range 30−196 m); for
sound exposures, it was 152 m (range 26−520 m).
Once the boat had finished the approach to the focal
group, the engine was switched off, the transducer
was lowered into the water and the treatment period
(sound exposure or control) of 15 min began. During
this time, the land-based trackers were blind to the
treatment type and were continuously tracking and
recording the animals.

After the 15 min treatment period had finished, a
further 90 min of tracking was carried out. If animals
were lost during this time, tracking stopped, and the
land-based observers scanned the area for different
animals. If new animals were detected, tracking be -
gan again, ensuring all surface positions were re -
corded. When 2 trials were completed within a day,
there was a minimum interval of 60 min between the
end of one trial and the start of another. Thus, there
was always a minimum of 2.5 h between treatment
periods. Environmental conditions (sea state, wind
direction) were monitored throughout and recorded
whenever they changed. Sea state was estimated fol-
lowing the Beaufort wind scale.

2.5.  Video analysis

Videos were analysed using the video range mod-
ule in PAMGuard. The video footage was played
until an individual porpoise or group of porpoises was
visible at the water surface (this was made easier by
the acoustic cue given by the observer each time an
animal surfaced). Using a mouse click for each mini-
mum of 2, known reference points were se lected
along with the porpoise location at the surface of the
water. The location of the porpoise at the sea surface
was then determined by PAMGuard using a trigono-
metric relationship based on the height and position
of the tracking station, the location of the reference
points and tidal height (Gillespie et al. 2008). Boat lo-
cation was determined in each trial using the same
method. These locations were then used to measure
distance from the animal to the exposure boat using
the Vincenty formula (Vincenty 1975).

2.6.  Data analysis

2.6.1.  General approach

All statistical analysis was conducted in R 3.6.1 (R
Core Team 2019). The purpose of the surfacing count
analysis was to determine the number of surfacings
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within 500 m of the source boat in 15 min time bins
for each treatment, while the aim of the mean dis-
tance analysis was to determine the distance of por-
poises to the source boat averaged across 15 min
time bins for sound exposure and control trials. Sur-
facing count data and mean distance to source data
were analysed with generalised linear mixed models
(GLMMs) (logarithmic link function) using the
glmmTMB package (Brooks et al. 2017). The third
approach was to model porpoise group distance to
the exposure boat for control and sound exposure tri-
als as a function of time. This was done using a time
series approach within a generalised additive mixed
model (GAMM) framework using the mgcv package
(Wood 2017). A range of error distributions were
tested using the generalised extensions of the linear
and additive models, accommodating different data
distributions and allowing for zero inflation to be
modelled. Random effects (factors which may cause
variation in the data but are not of primary interest in
this study) were also considered.

To determine the best fit model, a 3-step model
selection process was performed using Akaike’s
information criterion (AIC), in which the models with
the lowest AIC were selected (Zuur et al. 2009). In an
initial step, a fully populated model was tested to
determine both the optimal error distribution and
whether the zero-inflation argument should be in -
cluded in the model. In a 2nd step, the optimal combi-
nation of fixed effects was determined. Candidate
predictor variables were chosen based on theoretical
considerations and study design and are described
below for each model. In the final step, the previ-
ously determined optimal combination of random
effects was carried forward, and the optimal combi-
nation of fixed effects was determined. Crossed ran-
dom effects were also considered to address correla-
tion in the model.

To assess for normality, quantile-quantile plots and
histograms of the residuals were inspected. Homo-
geneity was assessed by plotting the residuals
against the fitted values, and model fit was assessed
by comparing the fitted values with the observed val-
ues. Auto correlation in the model was assessed by
inspecting autocorrelation function (ACF) plots. Fur-
ther model diagnostics were carried out using the
DHARMa package (Hartig 2020). Pairwise compar-
isons were implemented using the emmeans pack-
age (Lenth 2020). Exponentiated model coefficients
(eβ) are presented on the scale of the response vari-
able to allow an intuitive interpretation of effect size.
CIs (95%) and exponentiated coefficients were ob -
tained from the confint function.

2.6.2.  Mean distance in 15 min time bins (GLMM)

The response variable for the mean distance data
was mean distance to source in 15 min time bins.
Treatment by time was included as the fixed effect
variable, and a Gamma error distribution was found
to be the best fit model. The random effects assessed
were trial, sea state and site. No random effects were
retained in the model, but time by trial was included
as a crossed random effect to address autocorrela-
tion. Predicted values for distance of porpoise groups
to the boat and CIs were obtained from emmeans
(Lenth 2020).

2.6.3.  Surfacing count data (GLMM) within 500 m

The number of surfacings within 500 m repre-
sented the response variable in the surfacing count
model. Gamma, negative binomial 1 and negative
binomial 2 error distributions were tested, and nega-
tive binomial 1 was retained. The fixed effect vari-
able was treatment by time; 30 min time bins were
used, with the exception of the 15 min for the expo-
sure period. As there were no sightings within 500 m
in the 15 min post sound exposure, the data were
pooled with the consecutive 15 min time bins to pre-
vent model convergence problems (zero data in 1
time bin). Despite this, data analysis did not indicate
that the inclusion of an offset term was warranted.
The single random effects assessed were trial, sea
state, number of tracking stations and site. Site was
re tained in the model with the lowest AIC, and time
by trial was included as a crossed random effect.

2.6.4.  Time and distance as continuous variables
(GAMM)

To assess the effect of treatment on the movement
of the porpoises, the distances of sightings to the
position where the source boat was at the start of the
treatment were analysed throughout the trials with
GAMMs using the bam function within the mgcv
package (Wood 2017). Due to the non-linear and
non-monotonous relationship between time and dis-
tance, and a skewed distribution in the data, an addi-
tive model with a generalised extension was chosen.
To allow for the inclusion of random effects in the
model, a GAMM was used (Wood 2017).

The primary purpose of the distance to source
analysis was to estimate the behavioural response of
porpoises to the sound; therefore, treatment (sound
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exposure or control) by time (included as a continuous
predictor) was included as a fixed effects factor in the
model. The continuous response variable was distance
to the position of the source boat at the start of the
treatment. Due to a lack of independence associated
with temporal data, temporal autocorrelation had to
be addressed in the model. Initially, a simple model
(with only fixed effects included or with an autocorre-
lation structure) was fitted, but inspection of ACF plots
showed strong temporal autocorrelation. Based on
this inspection, an autoregressive correlation structure
(AR1 error model) was included in the GAMM to re-
duce the effects of autocorrelation. This structure con-
siders that correlations will be highest between im-
mediately adjacent points in the time series and then
decrease with increasing distance between data
points in the time series. The bam function (in the
mgcv package) also allows the starting points for each
group within the time series to be marked.

The final model used a log link function with a
Gamma error distribution. Random effects factors
that were assessed in the model included sea state,
site, wind direction, number of tracking stations and
trial. Only trial was retained as a random effect in the
final model. Knots were determined using gener-
alised cross-validation within the mgcv package. The
predicted values on the scale of the response vari-
able and CIs were determined using the predict.gam
function within the mgcv package.

2.6.5.  Assessing TTS

We assessed the likelihood of the startle signal and
conventional ADDs causing TTS in harbour porpoises
in a typical mitigation context using noise ex posure
guidelines by Southall et al. (2019). ADDs have typi-
cally been modelled as non-impulsive sound sources
(Lepper et al. 2014). While Southall et al. (2019) did
not provide a definition for impulsive noise, associated
guidelines by NMFS (2018, p. 39) state ‘…the terms
non-impulsive or steady-state do not necessarily im -
ply long duration signals, only that the acoustic signal
has sufficient duration to… reach a steady-state con-
dition’. The signal tested in the present study (and
used in GenusWave’s targeted acoustic startle tech-
nology [TAST] system) reaches a steady state condi-
tion (for approximately 195 ms), while signals in con-
ventional ADDs are often shorter (<10 ms, see Lepper
et al. 2014). In addition, a short rise time has some-
times been suggested as being indicative of impulsive
sounds. Lepper et al. (2014) showed rise times of ap -
proximately 0.5 ms for the Ace Aquatec device and

less than 0.1 ms for the Airmar system (which is emu-
lated by Otaq) compared to 2−3 ms in the tested
signal in this study. However, what matters most for
TTS is to what extent a sound exposure protocol and
signal carry a high or low risk of causing TTS. Kaste -
lein et al. (2014) showed that at the same SEL, the risk
posed by a sound exposure protocol with long inter-
pulse intervals (as the one tested here) is almost zero,
while a short inter-pulse interval device such as used
in other ADDs carries a high risk (particularly at pulse
intervals of <1 s). In conclusion, regarding TTS risk,
the startle signal and sound exposure protocol tested
in our study carries a lower TTS risk than conventional
ADDs and is therefore being modelled as non-impul-
sive. In our assessment, we calculated the exposure
function using Eq. (3) from Southall et al. (2019),
which determines the weighted TTS onset threshold
as a function of frequency for a number of functional
marine mammal hearing groups:

where E(f) is the exposure function amplitude (in dB)
at frequency f (in kHz), K defines the vertical position
of the function and a and b determine the shape of the
function (for full details, see Southall et al. 2019). As a
first step, the SEL in one-third octave bands was calcu-
lated for a 1 s long time window (SEL-1 s) during an
emission for each device. Data on the acoustic proper-
ties of the Ace Aquatec and the Airmar dB Plus II were
taken from Lepper et al. (2014), in units of SEL; data for
the Lofitech device were taken from Brandt et al.
(2013a) and for the Fauna Guard Porpoise Module
(FG-PM) from Kaste lein et al. (2017). In cases where an
SPL was stated in the literature, the SEL-1 s was calcu-
lated by adding 10 × log10 (signal duration) if the stated
duration was less than 1 s or by using the SPL if the sig-
nal was continuous over a 1 s time window (in the latter
case, SEL and SPL are numerically the same).

Consecutively, the cumulative SEL was calculated
for the respective exposure time (single emission, 15
and 30 min) based on the DC of the device and the
SEL-1 s. The DC is the percent of time the device
produces an emission. This was achieved by adding
the term 10 × log10 (exposure time (s) × DC) to the 1 s
SEL. The onset TTS thresholds (SEL) were then sub-
tracted from the cumulative SEL values in each one-
third octave band, and the band with the maximum
difference was selected. This value constitutes the
maximum transmission loss (maxTL) required before
the received level (SEL) drops below the onset TTS
threshold (exposure function). To estimate the corre-
sponding impact zone, we created a vector of dis-

( ) 10log
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[1 ( / ) ] [1 ( / ) ]
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tance values (at 0.01 m increments) and calculated
both geometrical and absorption losses for each dis-
tance. Geometrical losses were assumed to be 18 ×
log10 (dist), which has been found to be a good ap -
proximation for long distances in coastal waters sim-
ilar to the sites in this study (see Götz & Janik 2015
for a sound propagation model using a similar signal).
Absorption was calculated as 0.758 dB km−1 at 10 kHz,
1.55 dB km−1 at 14.9 kHz and 23.85 dB km−1 at
80 kHz (Fisher & Simmons 1977). The impact zone
was determined by selecting the distance value that
corresponded to the maxTL value. More detail is pro-
vided in the Supplement at www.int-res.com/ articles/
suppl/m672p223supp.pdf.

2.6.6.  Swim speed

Swim speed during trials was calculated using the
difference in porpoise distance to sound source at the
start of the trial and at the end of the trial (or the last
distance recorded before porpoises were lost from
view) divided by the time elapsed. This approach was
chosen as we were interested in how quickly porpoises
moved away from a simulated area of potential harm.

2.7.  Sample size

Twenty-four trials were conducted over a total of
22 d in September 2017, August to September 2018
and July 2019, with 5110 (817 during exposure) sur-
facing events recorded. Of these, 13 were sound ex-
posure trials, and 11 were no-sound control trials. To
assess the effect of sound exposure on the animals,
only trials with sightings after the exposure started
were included in the distance to exposure source and
mean distance analyses. In 3 of the exposure trials,
porpoises were lost from sight immediately after
sound exposure began. These trials were excluded
from the distance analyses but retained in the count
data analysis. In the remaining 10 sound exposure tri-
als and 11 control trials, porpoises were observed
multiple times (≥6) following the start of the treat-
ment, allowing for a full evaluation of their responses.

3.  RESULTS

3.1.  Porpoise tracks

In 10 of the sound exposure trials, focal porpoise
groups moved clearly away from the transducer,

increasing their distance until lost from view. Por-
poises remained close to each other and moved away
as a cohesive group. In the remaining 3 sound ex -
posure trials, porpoises were lost from sight immedi-
ately after the onset of exposure for the remainder of
the trial. In the 11 control trials, the porpoises either
stayed in the study area for the whole trial or contin-
ued moving in the same direction of travel exhibited
before the start of the treatment (Table 1). Swimming
speed was estimated to be on average 2.2 m s−1

(range: 1.2 to 2.8) during sound exposure and 0.46 m
s−1 (range: 0.1 to 1.6) during controls. Porpoises were
ob served returning to the study area in 7 of the 13
ex posure trials at an average time of 31 min after the
end of the exposure period (46 min after the start of
the exposure period).

The number of animals in the tracked groups dur-
ing sound exposures ranged from 2 to 8 individuals
(mean 3.8). Porpoises responded to exposure by per-
forming an initial prolonged dive (mean time 2 min
28 s) and travelled an average of 333 m (range: 188−
694 m) before the first surfacing event post exposure
onset. Although this first surfacing event may have
been missed in some cases, this prolonged dive was
consistent throughout all trials. Once the porpoises
were at this distance, they then surfaced at regular
intervals while travelling away from the sound source.
The porpoises generally travelled away from the ex -
posure as a group, sometimes slightly spreading out
as they initially travelled away but then coming to -
gether and travelling as 1 cohesive group. When
multiple groups were present, these would often fol-
low a similar track out of the area to groups which
preceded them.

Eight trials are shown as examples in Fig. 3. In the
4 control trials, the focal porpoise groups remained in
the study area for the duration of the trial (Fig. 3). In
the first example (Fig. 3a), the focal group was trav-
elling southwest before the start of the treatment.
They were at a distance of 60 m at the start of the
treatment, and the group continued moving on an
unaltered course during the treatment period. The
group then moved back and forth in the same area
for the remainder of the trial. They remained within
865 m of the boat, with the closest observed ap -
proach (COA) of 97.66 m during the post-treatment
period. In the second example (Fig. 3c), the porpoises
remained within 511 m of the boat after the start of
the treatment, with a COA of 11 m. There was no
obvious change in be haviour or movement during or
after the onset of the treatment period. In the third
control example (Fig. 3e), the focal group stayed
within 398 m of the boat during the treatment period
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and within 836 m during the
whole trial. The COA for the trial
was 15 m. In the last hour of the
trial, more porpoises moved into
the area from the south. In the
final control example (Fig. 3g),
the focal group stayed within
Loch Arnish and within 661 m of
the boat for the whole trial. The
COA was 20 m.

In the 4 examples of sound ex -
posure trials (Fig. 3b,d,f,h), the
focal porpoise groups clearly
moved away from the transducer
during the exposure treatment
period, moving away from the
boat in a direct manner, increas-
ing their distance until lost from
view. In the first example
(Fig. 3b), the focal group moved
southeast after exposure onset,
headed for the opposite (eastern)
shoreline in Loch Shuna and left
the area to the south (last logged
position 2951 m from the source
boat). The animals were tracked
for the entire 15 min exposure
period and during part of the
consecutive post-exposure period
until lost from view. Another
group of porpoises (a mother and
calf pair) then appeared during
the final hour of the trial,
29.4 min after exposure stopped.
In the second example (Fig. 3d),
the focal group moved away
from the sound exposure speaker
and left Loch Arnish (last logged
position 1094 m from the source
boat). No porpoises were present
during the remainder of the trial.
The focal group in the third ex -
ample (Fig. 3f) moved south,
away from the sound exposure
boat (last logged position 3209 m
from the boat) and out of the
study area. Another group of
porpoises then came into the
area 13.2 min after the sound ex -
posure had ended. In the final
example (Fig. 3h), the porpoises
moved away to the northwest,
headed out of the loch and then

231

T
ri

al
   

   
 N

o.
 o

f 
   

   
   

D
at

e
   

   
   

   
   

   
S

it
e

   
   

D
is

ta
n

ce
 t

o 
so

u
rc

e 
  F

ir
st

 s
ig

h
ti

n
g

  
   

  D
is

ta
n

ce
 a

t 
en

d
 o

f 
   

   
   

T
re

at
m

en
t 

   
   

   
   

   
   

A
vo

id
an

ce
   

   
   

   
 T

im
e 

of
 r

et
u

rn
 

n
o.

   
 o

b
se

rv
at

io
n

  
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  b
ef

or
e 

so
u

n
d

  
   

   
af

te
r 

st
ar

t 
of

  
   

   
 e

xp
os

u
re

 p
er

io
d

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  a

ft
er

 e
n

d
 o

f 
   

   
   

   
 s

ta
ti

on
s 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 e

xp
os

u
re

 (
m

) 
   

   
ex

p
os

u
re

 (
m

) 
   

   
   

   
   

   
(m

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  t
re

at
m

en
t 

(m
in

)

1
   

   
   

   
   

 1
   

   
   

7 
S

ep
 2

01
7

   
   

   
  A

rg
yl

l 
   

   
   

   
   

 2
6

   
   

   
   

   
   

   
   

  −
   

   
   

   
   

   
   

   
   

   
 −

   
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
  G

ro
u

p
 lo

st
   

   
   

   
   

  N
o 

re
tu

rn
2

   
   

   
   

   
 1

   
   

   
8 

S
ep

 2
01

7
   

   
   

  A
rg

yl
l 

   
   

   
   

   
 4

4
   

   
   

   
   

   
   

   
 4

9
   

   
   

   
   

   
   

   
   

10
06

   
   

   
   

   
   

   
   

C
on

tr
ol

   
   

   
   

   
   

   
   

   
 N

o
   

   
   

   
   

   
   

   
   

   
−

3
   

   
   

   
   

 1
   

   
  1

2 
S

ep
 2

01
7

   
   

   
 A

rg
yl

l 
   

   
   

   
   

27
6

   
   

   
   

   
   

   
  2

82
   

   
   

   
   

   
   

   
  1

37
2

   
   

   
   

   
  S

ou
n

d
 e

xp
os

u
re

   
   

   
   

   
   

  Y
es

   
   

   
   

   
   

   
  N

o 
re

tu
rn

4
   

   
   

   
   

 1
   

   
  1

3 
S

ep
 2

01
7

   
   

   
 A

rg
yl

l 
   

   
   

   
   

13
3

   
   

   
   

   
   

   
   

 −
   

   
   

   
   

   
   

   
   

   
 −

   
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
  G

ro
u

p
 lo

st
   

   
   

   
   

  N
o 

re
tu

rn
5

   
   

   
   

   
 1

   
   

  1
6 

S
ep

 2
01

7
   

   
   

 A
rg

yl
l 

   
   

   
   

   
 5

1
   

   
   

   
   

   
   

   
13

8
   

   
   

   
   

   
   

   
   

11
0

   
   

   
   

   
   

   
   

 C
on

tr
ol

   
   

   
   

   
   

   
   

   
 N

o
   

   
   

   
   

   
   

   
   

   
−

6
   

   
   

   
   

 1
   

   
  1

7 
S

ep
 2

01
7

   
   

   
 A

rg
yl

l 
   

   
   

   
   

 6
0

   
   

   
   

   
   

   
   

11
5

   
   

   
   

   
   

   
   

   
60

6
   

   
   

   
   

   
   

   
 C

on
tr

ol
   

   
   

  N
o 

(a
n

im
al

s 
co

n
ti

n
u

ed
   

   
   

   
 −

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 t
ra

ve
lli

n
g

 o
n

 s
am

e 
p

at
h

)
7

   
   

   
   

   
 1

   
   

  1
7 

S
ep

 2
01

7
   

   
   

 A
rg

yl
l 

   
   

   
   

   
11

3
   

   
   

   
   

   
   

  4
12

   
   

   
   

   
   

   
   

  2
41

0
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
   

   
  Y

es
   

   
   

   
   

   
   

   
   

29
.5

8
   

   
   

   
   

 1
   

   
  1

8 
S

ep
 2

01
7

   
   

   
 A

rg
yl

l 
   

   
   

   
   

 2
7

   
   

   
   

   
   

   
   

26
2

   
   

   
   

   
   

   
   

  7
38

a
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
   

   
  Y

es
   

   
   

   
   

   
   

  N
o 

re
tu

rn
9

   
   

   
   

   
 1

   
   

  1
8 

S
ep

 2
01

7
   

   
   

 A
rg

yl
l 

   
   

   
   

   
 9

0
   

   
   

   
   

   
   

   
13

3
   

   
   

   
   

   
   

   
   

60
1

   
   

   
   

   
   

   
   

 C
on

tr
ol

   
   

   
  N

o 
(a

n
im

al
s 

co
n

ti
n

u
ed

  
   

   
   

   
−

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 t
ra

ve
lli

n
g

 o
n

 s
am

e 
p

at
h

)
10

   
   

   
   

  1
   

   
  2

7 
A

u
g

 2
01

8
   

   
   

R
aa

sa
y

   
   

   
   

   
17

1
   

   
   

   
   

   
   

  4
93

   
   

   
   

   
   

   
   

  1
24

9
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
   

   
  Y

es
   

   
   

   
   

   
   

  N
o 

re
tu

rn
11

   
   

   
   

  2
   

   
  3

0 
A

u
g

 2
01

8
   

   
   

R
aa

sa
y

   
   

   
   

   
 3

1
   

   
   

   
   

   
   

   
 4

8
   

   
   

   
   

   
   

   
   

 2
18

   
   

   
   

   
   

   
   

 C
on

tr
ol

   
   

   
   

   
   

   
   

   
 N

o
   

   
   

   
   

   
   

   
   

   
−

12
   

   
   

   
  2

   
   

  3
0 

A
u

g
 2

01
8

   
   

   
R

aa
sa

y
   

   
   

   
   

 5
3

   
   

   
   

   
   

   
   

74
7

   
   

   
   

   
   

   
   

  1
38

6
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
   

   
  Y

es
   

   
   

   
   

   
   

   
   

22
.9

13
   

   
   

   
  2

   
   

  3
1 

A
u

g
 2

01
8

   
   

   
R

aa
sa

y
   

   
   

   
   

14
5

   
   

   
   

   
   

   
  1

71
   

   
   

   
   

   
   

   
   

24
4

   
   

   
   

   
   

   
   

 C
on

tr
ol

   
   

   
   

   
   

   
   

   
 N

o
   

   
   

   
   

   
   

   
   

   
−

14
   

   
   

   
  2

   
   

   
1 

S
ep

 2
01

8
   

   
   

 R
aa

sa
y

   
   

   
   

   
 3

8
   

   
   

   
   

   
   

   
29

8
   

   
   

   
   

   
   

   
  1

41
4

   
   

   
   

   
  S

ou
n

d
 e

xp
os

u
re

   
   

   
   

   
   

  Y
es

   
   

   
   

   
   

   
   

   
52

.2
15

   
   

   
   

  2
   

   
   

3 
S

ep
 2

01
8

   
   

   
 R

aa
sa

y
   

   
   

   
   

 5
4

   
   

   
   

   
   

   
   

 4
7

   
   

   
   

   
   

   
   

   
 4

27
   

   
   

   
   

   
   

   
 C

on
tr

ol
   

   
   

   
   

   
   

   
   

 N
o

   
   

   
   

   
   

   
   

   
   

−
16

   
   

   
   

  2
   

   
   

3 
S

ep
 2

01
8

   
   

   
 R

aa
sa

y
   

   
   

   
   

 6
4

   
   

   
   

   
   

   
   

25
3

   
   

   
   

   
   

   
   

  1
80

6
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
   

   
  Y

es
   

   
   

   
   

   
   

   
   

23
.4

17
   

   
   

   
  2

   
   

   
6 

S
ep

 2
01

8
   

C
ro

w
lin

 I
sl

an
d

s
   

   
   

95
   

   
   

   
   

   
   

   
 9

9
   

   
   

   
   

   
   

   
   

 2
52

   
   

   
   

   
   

   
   

 C
on

tr
ol

   
   

   
   

   
   

   
   

   
 N

o
   

   
   

   
   

   
   

   
   

   
−

18
   

   
   

   
  2

   
   

   
7 

S
ep

 2
01

8
   

C
ro

w
lin

 I
sl

an
d

s
   

   
  2

07
   

   
   

   
   

   
   

  1
47

   
   

   
   

   
   

   
   

  1
49

5
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
   

   
  Y

es
   

   
   

   
   

   
   

   
   

48
.0

19
   

   
   

   
  1

   
   

   
8 

S
ep

 2
01

8
   

C
ro

w
lin

 I
sl

an
d

s
   

   
  1

67
   

   
   

   
   

   
   

  1
65

   
   

   
   

   
   

   
   

  2
03

5
   

   
   

   
   

  S
ou

n
d

 e
xp

os
u

re
   

   
   

   
   

   
  Y

es
   

   
   

   
   

   
   

   
   

20
.0

20
   

   
   

   
  2

   
   

   
14

 J
u

l 2
01

9
   

   
   

 R
aa

sa
y

   
   

   
   

   
18

7
   

   
   

   
   

   
   

   
 −

   
   

   
   

   
   

   
   

   
   

 −
   

   
   

   
   

   
  S

ou
n

d
 e

xp
os

u
re

   
   

   
   

  G
ro

u
p

 lo
st

   
   

   
   

   
  N

o 
re

tu
rn

21
   

   
   

   
  2

   
   

   
15

 J
u

l 2
01

9
   

   
   

 R
aa

sa
y

   
   

   
   

   
19

7
   

   
   

   
   

   
   

  1
95

   
   

   
   

   
   

   
   

   
28

1
   

   
   

   
   

   
   

   
 C

on
tr

ol
   

   
   

   
   

   
   

   
   

 N
o

   
   

   
   

   
   

   
   

   
   

−
22

   
   

   
   

  2
   

   
   

15
 J

u
l 2

01
9

   
   

   
 R

aa
sa

y
   

   
   

   
   

52
0

   
   

   
   

   
   

   
  9

05
   

   
   

   
   

   
   

   
  1

27
0

   
   

   
   

   
  S

ou
n

d
 e

xp
os

u
re

   
   

   
   

   
   

  Y
es

   
   

   
   

   
   

   
   

   
21

.2
23

   
   

   
   

  2
   

   
   

19
 J

u
l 2

01
9

   
   

   
 R

aa
sa

y
   

   
   

   
   

12
7

   
   

   
   

   
   

   
  2

70
   

   
   

   
   

   
   

   
   

 7
0

   
   

   
   

   
   

   
   

  C
on

tr
ol

   
   

   
   

   
   

   
   

   
 N

o
   

   
   

   
   

   
   

   
   

   
−

24
   

   
   

   
  2

   
   

   
24

 J
u

l 2
01

9
   

C
ro

w
lin

 I
sl

an
d

s
   

   
   

97
   

   
   

   
   

   
   

   
 8

6
   

   
   

   
   

   
   

   
   

 2
53

   
   

   
   

   
   

   
   

 C
on

tr
ol

   
   

   
   

   
   

   
   

   
 N

o
   

   
   

   
   

   
   

   
   

   
−

a L
as

t 
p

os
it

io
n

 r
ec

or
d

ed
 b

ef
or

e 
th

e 
en

d
 o

f 
th

e 
ex

p
os

u
re

 p
er

io
d

T
ab

le
 1

. D
et

ai
ls

 o
f t

h
e 

24
 tr

ia
ls

 th
at

 w
er

e 
ca

rr
ie

d
 o

u
t d

u
ri

n
g

 th
e 

st
u

d
y.

 (–
) N

o 
d

at
a 

av
ai

la
b

le
 (e

it
h

er
 b

ec
au

se
 a

 g
ro

u
p

 w
as

 lo
st

 o
r 

b
ec

au
se

 a
 g

ro
u

p
 d

id
 n

ot
 le

av
e 

th
e 

in
it

ia
l s

it
e)

 

A
ut

ho
r c

op
y



Mar Ecol Prog Ser 672: 223–242, 2021232

−5.64 −5.62 −5.60 −5.58 −5.56 −5.54 −5.52

56
.1

90
56

.2
00

56
.2

10
56

.2
20

Lo
ng

itu
de

a) 17th September 2017 CONTROL

−5.64 −5.62 −5.60 −5.58 −5.56 −5.54 −5.52

56
.1

90
56

.2
00

56
.2

10
56

.2
20

b) 17th September 2017 SOUND EXPOSURE

Lo
ng

itu
de

c) 31st August 2018 CONTROL

−6.10 −6.08 −6.06 −6.04 −6.02 −6.00

57
.4

50
57

.4
60

57
.4

70
57

.4
80

d) 27th August 2018 SOUND EXPOSURE

−6.10 −6.08 −6.06 −6.04 −6.02 −6.00

57
.4

50
57

.4
60

57
.4

70
57

.4
80

Lo
ng

itu
de

e) 6th September 2018 CONTROL

−5.88 −5.86 −5.84 −5.82 −5.80 −5.78 −5.76

57
.3

40
57

.3
50

57
.3

60
57

.3
70

−5.86 −5.84 −5.82 −5.80 −5.78 −5.76

57
.3

40
57

.3
50

57
.3

60
57

.3
70

f) 8th September 2018 SOUND EXPOSURE

Latitude

Lo
ng

itu
de

g) 30th August 2018 CONTROL

−6.10 −6.08 −6.06 −6.04 −6.02 −6.00

57
.4

50
57

.4
60

57
.4

70
57

.4
80

Latitude

h) 15th July 2019 SOUND EXPOSURE

−6.10 −6.08 −6.06 −6.04 −6.02 −6.00

57
.4

50
57

.4
60

57
.4

70
57

.4
80

Fig. 3. Harbour porpoise positions during 8 trials (4 control and 4 playback). (a,b) Trials located in Loch Shuna, with a tracking
station () on Eilean Arsa. (c,d,g,h) Trials based in Loch Arnish, with tracking stations located on the Isle of Raasay. (e,f) Trials
located in Coalas Mor, with tracking stations located on Eilean Mòr of the Crowlin Islands. Red arrow shows direction of travel
during exposure periods. Blue dots: porpoise positions in the first 15 min of the trial (Time –30 to –15); magenta dots: porpoise
positions in the 15 minutes before the onset of the treatment (Time –15 to 0); green dots: the last 5 porpoise positions before the
onset of the treatment; red dots: porpoise positions during the exposure/control treatment period (Time 0 to 15); orange dots:
porpoise positions for the 30 min post treatment (Time 15 to 45); brown dots: porpoise positions during the final hour of the trial 

(Time 45 to 105). Black cross: the boat at the start of the treatment
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moved south down the Sound of Raasay (last logged
position 1270 m from the source boat). Porpoises
were seen again in the final hour of the trial, 21.2 min
after the exposure stopped.

3.2.  Surfacing count data (GLMM) within 500 m

A significant reduction in the number of harbour
porpoise surfacings within 500 m of the boat (p <
0.001) during the sound exposure trials was identi-
fied by the model. During the pre-treatment 30 min
(−30 to 0 min), the number of harbour porpoise sur-
facings was similar across sound exposure and con-
trol trials (eβ = 0.779, CI: 0.4619/1.313, p = 0.3443),
where eβ is the exponentiated model coefficient
(Fig. 4). The model coefficient during the treatment
period (0−15 min) of the playback exposure trials
indicated an 82.6% reduction in the number of sur-

facings (eβ = 0.174, CI: 0.069/0.436, p = 0.0003) dur-
ing sound exposure (0−15 min). In the 30 min after
the exposure (15−45 min), the model estimated a
99.27% reduction in the number of surfacings in the
exposure trials (estimate = 0.00732, CI: 0.001/0.069,
p < 0.0001). In the final hour (45−75 and 75−105 min)
of the exposure trials, as porpoises returned to the
study area, porpoise numbers were not significantly
different from the control (47−75 min: eβ = 0.2592, CI:
0.0579/1.159, p = 0.0767; 75−105 min: eβ = 0.1717, CI:
0.0228/1.296, p = 0.0869); however, porpoise surfac-
ings still remained somewhat lower in exposure trials
than in control trials.

3.3.  Mean distance in 15 min time bins (GLMM)

Overall, a significant increase in mean distance
(within the specified time bins) from the speaker was
also shown between the 2 treatments (eβ = 1.725, p =
0.037) (Fig. 5). In the first 30 min of trials (baseline
tracking and boat approach), there was no significant
difference in mean distance between the sound
exposure and control trials (first 15 min: eβ = 1.117,
CI: 0.612/2.04, p = 0.717; second 15 min: eβ = 1.381,
CI: 0.767/2.49, p = 0.279). During the sound exposure
treatment period, animals significantly increased their
mean distance from the boat (994 m, CI: 656/1507),
with animals moving away 4 times further than dur-
ing the control (247 m, CI: 165/368), (eβ = 4.029, CI:
2.262/7.18, p < 0.0001). In the 15 min following sound
exposure, the model indicated that animals were 4.2
times further away than during the control (eβ =
4.235, CI:2.43/8.0, p < 0.0001), with a predicted mean
distance of 389 m (CI: 264/575) during controls and
1650 m (CI: 998/2727) during exposure trials.

During the fourth 15 min time period (15−30 min
post exposure), predicted values from the model
showed animals 2 times further away (eβ = 2.05, CI:
1.098/3.82, p = 0.025) at 918 m (CI: 568/1484) in sound
exposure trials and 448 m (CI: 301/667) in controls.
From 45 to 60 min after the start of the exposure, por-
poise distance had decreased, and although por-
poises were still further away than during a control,
this was not significant (eβ = 1.37, CI: 0.728/2.59, p =
0.3245). The predicted mean distances from the model
were similar (for 60 and 90 min post treatment, re -
spectively) between exposure (504 and 624 m) and
control (508 and 616 m) trials during 60 to 90 min
after the onset of the treatment period (60− 75 min:
eβ = 0.992, CI: 0.53/1.86, p = 0.98; 75−90 min: eβ =
1.013, CI: 0.512/2.01, p = 0.9698). Although the final
15 min of the trial differed slightly between the 2
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Fig. 4. Mean number of porpoise surfacings within 500 m of
the control and sound exposure source. All periods were
30 min long, with the exception of the treatment period,
which was 15 min (Time 0−15). Boxes show medians and
inter quartile ranges (IQRs). Lower whisker = smallest obser-
vation ≥25% quartile − 1.5 × IQR, and upper whisker =
largest observation ≤75% quartile + 1.5 × IQR. Outliers are
represented by dots. Significance values are derived from 

model results. ***p < 0.001
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treatments, this effect was not significant (eβ = 1.819,
CI: 0.92/3.6, p = 0.0847).

3.4.  Porpoise distance to boat as continuous
function of time (GAMM)

The smoothers for the treatment periods and the
random effect trial were all significant at the 5%
level (6.708, p < 0.001; 8.469, p < 0.001; 16.772, p <
0.001). A pseudo R-squared of 0.754 (deviance =
67.8%) indicated that the predictor variable ex plained
the variance of the response variable reasonably well.

At the beginning of the trial, the predicted distance
to source boat was similar for sound exposure trials
(362.4 m, CI: 176.1/548.8) and control trials (322.4 m,
CI: 166.3/478.5). The predicted values from the
GAMM indicated that prior to the start of the treat-
ment period, animals were slightly further away from
the boat during sound exposure trials than during the
control trials, but there was significant variation and
CIs overlapped (Fig. 6). The average distance be -
tween the boat and porpoises then decreased before
the start of the treatment period as the boat ap -
proached the focal group. Immediately after the start
of the sound exposure treatment, there was a sharp

increase in distance as the focal porpoise groups
moved away from the boat, with a maximum average
distance of 2.07 km at 15 min after the exposure
started. At the end of the exposure period, the CI
extended from 1.11 to 3.03 km (Fig. 6). The raw data
and upper bound of the CI both showed that in 4 of
the sound exposure trials, animals continued moving
away from the sound source after the exposure for
over 2.5 km, 500 m more than the predicted values
suggested, with a maximum distance of 3.21 km
recorded in one trial.

The CIs of both treatments parted at the onset of
the treatment period. During the control treatment
period, there was only a slight and variable increase
in distance, and predicted values showed that por-
poises stayed within 341 m of the boat (an increase
from 195 m at the start of the treatment). After the
treatment period had ended, the predicted distance
in sound exposure trials began to decrease again as
porpoises returned or new groups gradually moved
into the area. CIs of the exposure and control results
began to overlap again at approximately 24 min after
the onset of the treatment (Fig. 6). Distance in expo-
sure trials continued to decrease until 1.2 h into the
trial as CIs crossed. The predicted distances for expo-
sure trials returned to levels of control trials at just
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Fig. 5. Box plots showing (a) mean distance per trial (based on the raw data) and (b) predicted mean distance and 95% CIs (de-
rived from generalised linear mixed models) to sound source during sound exposure (red) and control (blue) trials. All periods
were 15 min long, and time marks the beginning of each 15 min period. Time 0 (0− 15 min) is the treatment period. Box plots as 

in Fig. 4. Significance values are derived from model results. *p < 0.05, *** p < 0.001
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over 1 h after the start of the treatment period to ap -
proximately 488 m. Predicted distances during expo-
sures then increased slightly before a final slight
decrease, with distances at the end of
the trial predicted at 666 m (CI: 150/
1182). The predicted distances during
control trials were at their highest at
1.2 h at approximately 528 m (CI: 294/
761) before a final de crease to 376 m
(CI: 134/617) at the end of the trial. CIs
for both remained overlapping until
the end of the trials.

3.5.  Assessing TTS

The risk of TTS was assessed for 3
different exposure scenarios: (1) a sin-
gle emission from the deterrent de -
vice, (2) 15 min of exposure and (3)
30 min of exposure. The correspon-
ding TTS impact zones are shown in
Table 2. When applying the protocol
tested in this study, exposure to a sin-
gle emission (i.e. one 0.2 s signal)
would only cause TTS at less than 4 m.
TTS onset would occur at 9 m during
15 min exposure to the signal sequence,
and at 13 m if a sequence lasted for

30 min. In comparison, exposure to a single emission
from the Ace Aquatec, Airmar, Lofitech and FG-PM
could result in TTS at distances of 31, 27, 48 and
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Device                                  Cumulative SEL                 TTS impact zone
                                              (dB re 1 μPa2 s)

This study                         Single emission: 169         Single emission: 3.6 m
                                                 15 min: 176                        15 min: 9.1 m
                                                 30 min: 179                       30 min: 13.4 m

Ace Aquatec                              Single emission: 186        Single emission: 31.4 m
(Silent Scrammer)                  15 min: 199                      15 min: 154.6 m

                                                 30 min: 202                      30 min: 225.7 m

Airmar dB Plus II              Single emission: 185        Single emission: 27.0 m
                                                 15 min: 208                      15 min: 489.2 m
                                                 30 min: 211                      30 min: 704.2 m

Lofitech                                           Single emission: 186        Single emission: 48.4 m
                                                 15 min: 207                      15 min: 586.1 m
                                                 30 min: 210                      30 min: 822.0 m

FG-PM                                             Single emission: 185                Single: 40.6 m
                                                 15 min: 200                     15 min: 182.32 m
                                                 30 min: 203                     30 min: 230.99 m

Table 2. Temporary threshold shift (TTS) risk for different acoustic deterrent
devices (ADDs) and our method. Cumulative sound exposure level (SEL) is
shown for the one-third octave band that exceeds the weighted onset set TTS
threshold (exposure function) the most (1st column). The right column shows
the impact zone within which the onset of TTS is predicted to occur if a har-
bour porpoise is exposed to a single emission, a 15 min or a 30 min time period.
ADD source characteristics were taken from this study, Lepper et al. 2014 (Ace
Aquatec and Airmar dB Plus II), Brandt et al. 2013a (Lofitech) and Kastelein et 

al. 2017 (FG-PM). FG-PM: Fauna Guard Porpoise Module

Fig. 6. Predicted distances to boat (solid lines) of porpoises with 95% CIs for control (blue) and sound exposure (red) periods
obtained from generalised additive mixed models. Real data have also been fitted to the graph, with control trials represented
by blue dots and sound exposure trials represented by red dots. Start of the treatment is at Time 0.0 (first vertical dotted line), 

and the end is at Time 0.25 (second vertical dotted line)
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41 m, respectively. TTS onset during 15 and 30 min
exposure would oc cur at 155 and 226 m in response
to the Ace Aquatec, 489 and 704 m in response to the
Airmar, 586 and 822 m in response to the Lofitech
and 182 and 231 m in response to the FG-PM.

4.  DISCUSSION

4.1.  Movement responses

In this study, we demonstrated that harbour por-
poises react with avoidance to startle-eliciting stim-
uli, moving in a directed manner away from the
sound source to distances of up to 3.21 km (mean
1.78 km). All porpoise sightings within 500 m of the
sound source decreased significantly during sound
exposure, with no porpoises sighted within 1000 m,
15 min after the sound exposure started. Although
we cannot rule out the possibility of porpoises being
missed on occasion, this result indicates that por-
poises were generally excluded from an area of at
least 1 km within 15 min.

The mean distance to the sound source at the start
of the exposure trials (152 m) was higher than that of
the control periods (90 m). Despite porpoises being
further away during exposure trials, an extreme and
significant avoidance reaction was exhibited, whereas
no avoidance was seen during control trials. This indi-
cates clearly that it was the sound stimuli that de -
terred the animals rather than the presence and ap -
proach of the boat. A smaller distance to the boat at
the start of the control trials may have accounted for
the slight increase in distance to the boat seen during
control treatment periods, but this was not significant.
Porpoises are highly mobile animals and have been
shown to react to vessels (Oakley et al. 2017) and ves-
sel noise (Dyndo et al. 2015), so it is expected that they
might move away following a boat ap proach. This in-
crease in distance was small; in the 15 min preceding
the start of the treatment, porpoises were at an aver-
age distance of 192 m from the vessel, and during the
control period they were at an average distance of
247 m from it, just an average of 55 m further. Por-
poises remained within an average of 444 m during
the entire post-treatment period. In 2 control trials
(Table 1, trials 6 and 9), the porpoises ap peared to in-
crease their distance from the boat during the control
period. In both cases, the boat was positioned in the
line of a travelling group of porpoises; they showed no
change in behaviour after the start of the control and
continued travelling in the same direction, passing
and then moving away from the boat.

The results from control trials stand in stark contrast
to the sound exposure trials, when a clear avoidance
reaction was exhibited, with an increase in the aver-
age distance during the exposure period from 361 m
pre-exposure to 1102 m during and 961 m after the
start of the sound for the entire trial. Mean distance at
the start of the exposure treatment period was 152 m.
This corresponds to a received SPL of approximately
141 dB re 1 μPa. The minimum distance at the start of
the exposure was 26 m, which corresponds to a re-
ceived level of 155 dB re 1 μPa, and the maximum was
520 m, which would result in a received level of
131 dB re 1 μPa. Even at that distance, porpoises still
reacted with avoidance to the signal.

With the exception of 3 sound exposure trials in
which we lost the porpoises immediately, the animals
could be tracked moving away from the exposure
location until they reached a distance at which they
were no longer detectable by the tracking stations.
Mean distance when porpoises were lost from sight
across those exposure trials was 1.78 km, with a max-
imum of 3.21 km in 1 trial and a minimum of 738 m in
another (Table 1). In the latter, these porpoises were
lost from view 8 min into the exposure, and no por-
poises were subsequently seen, suggesting that the
animals continued moving away from the sound
source and left the area altogether.

In the UK, it is recommended that there should be
no marine mammals within 500 m of a construction
site before the start of pile driving (JNCC 2010). Our
results showed that using our method, porpoises
travelled to distances triple that required in only
15 min, showing a significant exclusion effect. Re -
cent work has also suggested that porpoises must
move to at least 2 km to avoid TTS from pile-driving
activities (Kastelein et al. 2016, Schaffeld et al. 2020).
Our results indicate that the presented method can
provide such deterrence. Harbour porpoises were
deterred to a mean distance of 1.78 km (GLMM,
Fig. 5b) and a predicted distance of 2.07 km in the
GAMM (Fig. 6). These values correspond to the dis-
tance at which porpoises were lost from view, not the
maximum deterrence distance, and Fig. 6 shows that
porpoises moved away further in some trials when
they could be tracked to greater distances. The com-
plex coastlines of the study sites also meant that por-
poises were, in some cases, able to disappear from
view behind headlands or neighbouring islands. It is
likely, as exhibited by the maximum deterrence dis-
tance of 3.21 km recorded in this study and the upper
CI bounds for the GAMM model, that porpoises con-
tinued moving away from the sound source to dis-
tances of more than 2 km.
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The results of the mean distance GLMM, which
modelled distance of porpoises to the boat averaged
across 15 min time bins (Fig. 5), and the GAMM,
which modelled distance to the exposure boat as a
function of time (Fig. 6), showed slightly different
results regarding the predicted maximum distances
that the porpoises travelled after the onset of the
sound. The mean distance GLMM indicated that the
predicted mean distance from the sound source that
porpoises travel is 1650 m, which they reach be -
tween 15 and 30 min after the onset of the sound,
whereas the GAMM predicted that porpoise dis-
tance to sound source peaks at 2040 m at the end of
the exposure period (15 min after the onset of the
sound). These differences are likely because time
and distance were treated as continuous variables
in the GAMM, whereas the GLMM used mean dis-
tance in 15 min time bins. The average time after
the start of sound exposure that harbour porpoises
disappeared from sight was 12.8 min, though some
porpoises were tracked for up to 22 min after the
sound exposure started. Porpoises moved out of
sight during the sound exposure period in 6 of 10
sound exposure trials. In the remaining 4, all of the
porpoise surface positions recorded in the 15 min
after the end of the exposure were over 1000 m from
the exposure source. It is therefore reasonable to
expect the maximum distance in the GLMM at the
end of the 15 min exposure period or later. In sum-
mary, the models showed a maximum deterrence
range between 1650 m (GLMM) and over 2070 m
(GAMM), either by the end of the sound exposure
period (GAMM) or during the 15 min after the
exposure stopped (GLMM).

4.2.  Swim speed

Porpoises travelled at a mean speed of 2.2 m s−1

during sound exposure (2.3 m s−1 during first pro-
longed dive); this is faster than their average swim-
ming speed of 0.9 m s−1 found by Otani et al. (2000)
but slower than their maximum swimming speed of
4.3 m s−1. Brandt et al. (2013a) reported swimming
speeds of between 1.3 and 3.2 m s−1 during exposure
to seal scarers, and Kastelein et al. (2018) found that
captive porpoises increased their swim speed from
1.2 up to 1.98 m s−1 when played pile-driving sounds.
Although it is hard to compare swim speeds of free-
ranging porpoises with swim speeds of a porpoise in
a pool, swim speeds reported during sound expo-
sures in both captive and free-ranging studies are in
line with what we found.

4.3.  Return times

Porpoises were sighted again in 7 of the 13 sound
exposure trials. We could not tell whether these were
the same animals or different ones. Of the 6 trials in
which no animals returned, 3 were trials during
which no porpoise sightings occurred after the onset
of the sound exposure. Porpoises have been found to
disappear immediately after the onset of sound expo-
sure in previous noise studies (Brandt et al. 2013a,
Mikkelsen et al. 2017). The immediate loss of por-
poises occurred in 6 of 7 trials when a Lofitech ADD
was tested on harbour porpoises (Brandt et al. 2013a)
and in 3 cases when a sound similar to the Lofitech’s
was played (Mikkelsen et al. 2017). Both studies con-
cluded that the animals left the area using a fast
movement underwater. It is likely that this also oc -
curred in our study. When animals were lost from
view immediately, it is reasonable to assume that
porpoises moved sufficient distances underwater not
to be seen by the tracking stations (or were missed by
observers) and then moved away and out of sight
before they could be located again.

The average time after the onset of the sound expo-
sure for sightings to re-occur after animals had left
was 31 min, though sightings did not occur within
500 m until roughly an hour after the onset of the
exposure. No significant difference in the number of
surfacings was detected after 45 min from the start of
exposure when compared to the control. This return
of porpoises to within 500 m of the sound source with
a comparable number of surfacings indicates that
there was no long-term exclusion effect caused by
the device. This is an important aspect when consid-
ering a mitigation method.

4.4.  Startle reflex

Götz et al. (2020) first showed the presence of the
startle reflex in odontocetes. The general physiologi-
cal characteristics of the reflex were found to be the
same as in terrestrial mammals, indicating that the
evolutionary development of the startle reflex oc -
curred early in the mammalian lineage. In rodents
and humans, the stimuli must meet 2 criteria for the
startle reflex to be elicited acoustically; it must be 60
to 90 dB above the auditory threshold (Fleshler 1965,
Blumenthal & Berg 1986, Ouagazzal et al. 2006), and
it must have a rise time of equal to or less than 50 ms
(Fleshler 1965, Blumenthal & Berg 1986). In bottle-
nose dolphins Tursiops truncatus and a false killer
whale Pseudorca crassidens, the average sensation
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level capable of eliciting a startle was 82 dB (Götz et
al. 2020). Elmegaard et al. (2021) clearly demon-
strated the startle reflex in harbour porpoises. Their
animals startled 50% of the time at levels of 130 dB
re 1 μPa, which was approximately 85 dB above the
harbour porpoise hearing threshold at the frequency
of 40 kHz. In our study, the lowest estimated received
level at the start of a sound ex posure trial was 126 dB
re 1 μPa. Our results are therefore consistent with the
startle reflex being the mediating mechanism of the
behavioural avoidance responses observed in this
study. They also point towards consistency in sensa-
tion levels capable of eliciting startle across mam-
malian taxa.

Startle-like movement responses have also been
described in harbour porpoises (Kastelein et al. 2012)
in response to 1−2 and 6−7 kHz up-sweeps and
down-sweeps, though the sounds had a compara-
tively long rise time. This may give some support to
the notion of lower startle thresholds but may also be
due to generic movement responses being inter-
preted as startle (unequivocal evidence for startle
responses requires determining response latency).
The results of our study further support the possibil-
ity of targeting specific species by using startle-elic-
iting stimuli with the aim of deterrence. Porpoises did
not react when exposed to low-frequency (peak fre-
quency ~1 kHz) pulsed sounds around a salmon
farm, while movement (and likely startle responses)
was elicited in harbour seals (Götz & Janik 2015,
2016). In our study reported here, porpoises were
exposed to a sound centred around 10 kHz and
showed a significant avoidance reaction.

4.5.  Mitigation application

To effectively protect harbour porpoise hearing
from the effects of pile driving or other noisy activi-
ties, the animals must move to a distance at which
they are no longer in danger of suffering either tem-
porary or permanent hearing damage. Pile driving
can generate underwater SELs in excess of 215 dB re
1 μPa (Ainslie et al. 2012). Although the level of
sound created by pile driving depends on both the
type and size of the monopile and the topography of
the site, it has been found that pile-driving strikes
during the construction of a wind farm in the German
North Sea had the potential to cause TTS at distances
of up to 5.6 km (Schaffeld et al. 2020). TTS onset in
harbour porpoises has also been exhibited in animals
exposed to single strikes (at 164 dB re 1 μPa2s) (Lucke
et al. 2009) and multiple strikes (onset of 175 dB re

1 μPa2s) (Kastelein et al. 2016). In light of these find-
ings, it is concerning that Graham et al. (2019) found
that the porpoise response to pile driving diminished
over time during the construction of the Beatrice Off-
shore Windfarm, putting the animals at considerable
risk of hearing damage.

Our study, as well as previous studies, showed that
acoustic deterrent methods offer an effective solu-
tion. Brandt et al. (2013a) tested the Lofitech seal
scarer (frequency 14 kHz, source level 189 dB re 1
μPa) and found that porpoise sightings within 1 km of
the device significantly decreased and that porpoises
within 1.9 km of the device always avoided it.
Mikkelsen et al. (2017) also played sounds similar to
that of the Lofitech seal scarer but at a reduced peak-
to-peak source level of 165 dB re 1 μPa. Harbour por-
poises reacted with avoidance at distances of several
hundred metres. Johnston (2002) assessed the effects
of an Airmar dB Plus II operating at a fundamental
frequency of 10 kHz and a source level of 180 dB re
1 μPa and found a significant reduction in porpoise
numbers within 1500 m of the device in trials when
the ADD was active when compared to an inactive
state. A COA of 645 m was found, corresponding to a
re ceived level of 128 dB re 1 μPa. In a study on cap-
tive harbour porpoises, Kastelein et al. (2015) also
found that the Lofitech and Ace Aquatech would be
likely to deter porpoises at ranges of 0.2 to 1.2 km.

In our study, as in those mentioned above, por-
poises reacted to the sound by moving away from or
avoiding an area, but our findings indicate a reaction
at a DC of only 0.6% (at least 1 order of magnitude
lower than those of conventional ADDs) and at a sig-
nificantly lower SEL than in any other studies. Our
study used the equivalent of 5.4 s of continuous
sound within the 15 min exposure period. Using our
method allows a significant reduction in the noise
dose animals need to be exposed to in order to
achieve a similar movement response. This has now
been implemented in the GenusWave TAST for
odontocetes and is available for general use.

The effectiveness of our method offers a mitigation
strategy for hearing damage in a variety of applica-
tions such as pile driving and marine construction,
and it can also lower collision risk around marine tur-
bines or potentially reduce bycatch of porpoises in
fishing nets. In these cases, the source level of the
signal could be reduced, as it is only necessary to
exclude animals from the immediate area of a turbine
or net rather than from the large areas required for
pile-driving mitigation. Although the required source
level cannot be determined from this study due to the
limited variability of received level at the start of our
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trials, there is the possibility for further work to meas-
ure the response to our signals to specifically deter-
mine the received and sensation levels at which
a response occurs. This would allow for the method
to be more finely adjusted depending on the deter-
rence range required and further minimise risks for
porpoises.

When considering the effects of conventional ADDs
on harbour porpoises, Schaffeld et al. (2019) con-
cluded that a significant TTS was caused by an ADD
(using auditory-evoked potentials) with an onset SEL
of 142 dB re 1 μPa2s at 20 kHz and SEL of 147 dB re 1
μPa2s at 28 kHz. These authors also estimated that an
ADD signal at 193 dB re 1 μPa can result in TTS at
distances of up to 211 m in deep water (spherical
spreading) and 5.9 km in shallow water (cylindrical
spreading).

Our study was initially designed to adhere to the
sound exposure criteria suggested by Southall et al.
(2007), within which TTS would be caused by an SEL
of ~183 dB re 1 μPa2s for harbour porpoises. Based on
those guidelines, the onset of TTS would only have
been induced if a porpoise had remained within 3.2 m
of our transducer for 20 min. Although a scenario
where porpoises remain stationary for 20 min is
highly unlikely, no trials were carried out if a porpoise
was within 10 m of the sound source. Since the end of
our field period, further sound exposure criteria have
been published by Southall et al. (2019). When con-
sidering the Southall et al. (2019) criteria, onset of TTS
caused by a single 200 ms emission in our study would
only occur if a porpoise was within 3.6 m of the sound
source. As no porpoises were within 10 m of the sound
source during trials, no TTS was induced for any por-
poises throughout the duration of our study. In com-
parison, based on the same criteria, a single emission
from conventional ADDs would cause the onset of
TTS at distances of 27 to 48 m. One device (FG-PM)
also operates at a much higher frequency (60−
150 kHz) compared to all other ADDs. This overlaps
with the peak frequency of harbour porpoise echolo-
cation (~130 kHz), and can lead to masking effects at
a time when communication between individuals (e.g.
mother−calf pairs), and navigating safely is important.
The onset of TTS can be caused by a single emission of
this device at a distance of up to 40.6 m.

If the mitigation method itself causes an impact
equal to, or indeed exceeding, the impact it should
be mitigating, then it negates the effectiveness of the
device (Mikkelsen et al. 2017). The acoustic startle
method offers the potential to target both odonto-
cetes and pinnipeds, drastically reducing the possi-
bility of detrimental effects on hearing.

5.  CONCLUSIONS

We have shown that harbour porpoises exhibit a
medium- to large-scale movement response when ex -
posed to the startle-eliciting acoustic stimuli used
in this study. This was achieved at a very low DC
(0.6%) and a lower source level (max. one-third oc -
tave band SPL of 176 dB re 1 μPa) as well as a much
lower SEL (single signal, max. one-third octave band
of 169 dB re 1 μPa2 s) compared to existing de vices.
We suggest that the startle reflex is the underlying
physiological mechanism mediating these responses.
Our method could be used as an alternative to con-
ventional ADDs to mitigate the risk of hearing dam-
age during marine renewable energy installation
and operation. It could also be used to mitigate colli-
sion risk with marine renewable energy installations
(tidal turbines) or for bycatch reduction (if signals
were played at a lower source level).
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