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Abstract

Mitigation measures to reduce the risk of injury to
whales from loud sound sources are often based
on shutting down the sound source if whales are
detected visually within a certain safety zone.
Visual detection will only detect a proportion of
the whales that enter such a zone, and the likely
risk reduction achieved has rarely been quanti-
fied. A general simulation model is presented
which uses data from sighting surveys and diving
behaviour to estimate the probability of detection
of a surfacing cue. This can be combined with
simple assumptions about sound propagation to
estimate the proportion of animals that would be
subject to sound exposure levels above a certain
threshold, with and without mitigation measures
in place. This gives an indication of the mitiga-
tion efficiency or the level of risk reduction that
can be achieved. Results indicate that there will be
many cases where using visual observers results
in only a very small risk reduction, but these situ-
ations may not always be immediately apparent.
Without an adequate quantified assessment of the
risk reduction, mitigation measures may often
be applied inappropriately or result in regulators
granting approval for activities on the basis of
measures that do little to reduce risk. The simple
simulation model is easy to apply but does need to
be performed on a case-by-case basis using input
data that correspond as closely as possible to the
scenario being investigated.
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Introduction

Regulatory authorities in many nations recog-
nise the risk of injury to whales from loud sound
sources and particularly seismic surveys. For

example, Australian national policy makes a
strong case for the need for seismic surveys to
avoid whales. It states, “Do not program seis-
mic surveys in areas where and when whales are
likely to be breeding, calving, resting, or feed-
ing” and “When planning seismic surveys, avoid
where possible areas where and when whales are
known or are likely to be migrating” (Department
of the Environment, Water, Heritage, and the Arts
[DEWHA], 2008, p. 9). New Zealand adopted a
new code in 2013, which notes the uncertainty in
the effectiveness of measures to reduce impacts
and that “the best course of action is simply to
avoid conducting seismic surveys in sensitive
areas” (New Zealand Department of Conservation
[DOC], 2013, p. 5)

Nevertheless, for the majority of seismic sur-
veys, it will not be possible to avoid areas with
whales, and so there will inevitably be a level of
disturbance and risk of injury. As a result, regula-
tions and guidelines have been devised by many
countries where seismic surveys occur which
require operators of seismic airguns to imple-
ment mitigation measures involving shutdown of
the source in response to whales being detected
within a specified zone. Other guidelines, such
as the widely used Joint Nature Conservation
Committee (JNCC) (2010) guidelines, do not
require any shutdown. Some operators of mili-
tary sonar also follow shutdown procedures in
the presence of whales (Barlow & Gisiner, 2006).
Various decision processes for responding to
whale sightings have been employed in different
guidelines and regulations. These are generally
based around a safety zone of a distance from the
source at which shutdown would occur if a ceta-
cean was seen within that zone or thought likely to
enter the zone. These distances are often, but not
always, based on expected received sound levels.

Quantifying the effectiveness of such mitigation
strategies has rarely been attempted; however, this
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is critical if the best overall mitigation strategy is
to be determined and to assess whether the use
of mitigation measures is likely to reduce risk to
an acceptable level. There has been considerable
discussion of possible noise exposure criteria for
marine mammals, such as Southall et al. (2007),
but there is also a need to quantify the effective-
ness of measures designed to reduce the number
of animals exposed to levels in excess of the spec-
ified criteria. There have been previous reviews of
global seismic guidelines such as Weir & Dolman
(2007) and Compton et al. (2008). Those papers
focused on many of the practical details of imple-
menting the guidelines. There certainly are chal-
lenges in this implementation. For example, there
is generally a requirement for training of marine
mammal observers (MMOs) for seismic mitiga-
tion, but even trained MMOs may have very lim-
ited experience at sea. Mori et al. (2003) found
that the overall sighting rates of Antarctic minke
whales (Balaenoptera bonaerensis) by observ-
ers categorised as having limited experience
(fewer than four survey seasons) were 42% lower
than experienced observers. Nevertheless, even
observers classified in that study as having limited
experience still spent several months at sea and
so would be much more experienced than many
MMOs.

Even if guidelines are followed as intended by
experienced personnel, an overall assessment of
the likelihood of reducing impacts by responding
to sightings from MMOs is still lacking. Parsons
et al. (2009) note that for many species, only a
small proportion of animals within mitigation
zones are likely to be detected by visual observers,
but that this reality is generally not acknowledged
within seismic guidelines. They also suggest that
visual surveys alone as a mitigation measure may
be little more than a “public relations exercise”
by “giving management authorities, oil and gas
companies and the public a false sense of security
that seismic survey impacts are being mitigated”
(p. 649).

Despite these concerns, and the lack of formal
quantification of risk reduction, some regulators
have made strong claims about the effectiveness
of their guidelines. In the United Kingdom, the
relevant guidelines are described in JNCC (2010)
and state that “It is considered that compliance
with the recommendations in these guidelines will
reduce the risk of injury to [protected species] to
negligible levels” (p. 3). Although “negligible” is
not quantified by JNCC, the implication is that
following the recommendations should result in a
substantial (well over 50%) reduction in risk since
any smaller reduction could not be considered to
alter a situation of concern into one of negligible
impact, in spite of there being no requirement in

the guidelines for a shutdown of the source in the
event of marine mammals being detected within
the mitigation zone. Although the effectiveness
of current mitigation guidelines has not been
assessed, there is still an assumption that they are,
at best, efficient and appropriate, and, at worst,
“better than nothing,” in that following shutdown
procedures will at least mitigate some impacts
on some animals. Confidence in guidelines that
are largely untested may result in a reluctance to
investigate alternative mitigation options, includ-
ing reduction of the noise at source, which might
prove more effective in decreasing exposure risks.

This study makes a start towards addressing
the uncertainties with current measures through a
simulation that allows some quantitative assess-
ment of current mitigation strategies. The simula-
tion considers a situation where an operator of a
seismic survey has decided that a specific sound
source is required to achieve the goals of the proj-
ect, and it is not feasible to schedule the opera-
tions at a time when marine mammals are unlikely
to be present. Under these circumstances, a com-
monly used mitigation measure is to specify a
safety zone around the source, based on the source
output levels, and to reduce power output or shut
down the source entirely if visual observers detect
animals within the zone or likely to enter it. This is
the approach taken by regulators for seismic sur-
veys in many countries (Weir & Dolman, 2007).
Given that the JNCC guidelines do not provide for
such shutdowns, the potential effectiveness of the
JNCC guidelines is not considered here. Where
there are a specified set of mitigation actions in
response to information from visual observers,
the effectiveness of mitigation can be investigated
through simulation. The basic components of the
simulation are as follow:

e The visual detection process, including fac-
tors that affect detectability (e.g., sighting
conditions) and availability (e.g., whale diving
behaviour and whale movement)

* Whale aggregation patterns (a shutdown for
one individual may affect others that were not
detected)

e The cumulative exposure of a whale to the
sound source

* The response of the operator to a visual sight-
ing, including response time and rules for
shutdowns

These components can be incorporated into a rela-
tively simple simulation that can give an estimate
of the mitigation efficiency for a particular situ-
ation. For the purposes of this study, mitigation
efficiency (M) is defined as the proportion of
animals that would have been exposed to sound



Simulation of Mitigation Efficiency 377

levels above a specified level that are no longer
exposed due to the mitigation response.

Methods

Visual Detection Process

The visual detection process has been studied in
detail during numerous analyses of sighting sur-
veys for cetaceans. The probability of an animal or
group being seen depends on the frequency with
which it comes to the surface (its availability) and
the strength and duration of the visual cues—for
example, size and persistence of blows, splashes,
or the amount of body that is visible at the surface
(detectability). Cue detection probability will also
be a function of weather sea and swell conditions,
the radial distance of the cue from the observer,
observer height, and the efficiency of the individ-
ual observer in detecting the cue. The detection
probability for animals that come to the surface
within the range of detection has been estimated
based on experiments with independent observ-
ers (e.g., Hammond et al., 2013); however, these
methods cannot fully account for availability
for long-diving species, which may not surface
during the period that the vessel is within sight-
ing range. Correcting for availability bias requires
some model of diving behaviour.

The simulation considered herein needs to
take into account the differences in vessel speed
between sighting surveys and observations carried
out onboard seismic vessels (seismic vessels typi-
cally travel at about 2.5 ms' compared to 5 ms’
for many surveys for abundance estimation), the
number of observers (there is often only a single
MMO at any one time), and weather conditions
(often seismic surveys and, therefore, observa-
tions by MMOs, continue in sighting conditions
that would not be considered suitable for sight-
ing surveys—e.g., sighting surveys for harbour
porpoises are generally only conducted in sea
Beaufort state 3 or less [Hammond et al., 2013]).
The simulation process involved whales that come
to the surface at a specified interval and emit a
number of cues during a specified surface time.
Each cue had a probability, P(r), of being detected
by an individual observer, where r is the radial
distance from the vessel to the whale given by
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Multiple observers were assumed to be indepen-
dent such that P:(r), the cue detection probability
for the observer team as a whole, is

3) P:(r)y=1-(1-P())
for n observers within the team.

For simplicity, whales were assumed to travel in
straight lines with constant speed, v, and visual
observers were assumed to cover the 180° sector
ahead of the vessel equally. The process for ensur-
ing that the distribution of whale headings gener-
ated by the simulation was unbiased in relation to
whale speed was the same as described by Leaper
et al. (2010) based on Hiby (1982). Simulated
whales entered a box 6 km ahead of and 6 km
to either side of the vessel trackline. Thus, 6 km
was considered the maximum distance at which a
whale could be detected by any method; and in all
scenarios, cue detection probability was set to O at
distances of greater than 6 km.

Sighting surveys targeting different whale spe-
cies in different areas were reviewed to gather a
range of estimates of overall cue detection prob-
abilities. These are usually expressed in terms of
2(0) (the proportion of animals directly on the
trackline that are detected) and effective strip half
width (eshw) (Table 1). Where g(0) is assumed to
be 1, eshw is the distance from the trackline at
which the number of whales missed within the strip
is, on average, equal to the number of whales seen
outside it. Distance analysis generally involves
the fitting of a function to observed perpendicu-
lar distance data. Commonly fitted functions are a
hazard rate or half-normal (Buckland et al., 1993).
For these functions, the overall detection proba-
bility within the eshw is around 0.8g(0). For the
half-normal which is quite peaked, this value is
0.79; and for a flatter hazard function with a shape
parameter b = 3 (see (Buckland et al., 1993), it is
approximately 0.85.

It can be seen from Table 1 that there is con-
siderable variation in estimates of g(0) and eshw
between surveys, even of the same species under
similar conditions. Therefore, the cue detection
probabilities used in the simulation were not ini-
tially conditioned on any one dataset but selected
to be broadly representative of naked eye search-
ing. Initial parameter values ao to as were based on
analyses of Norwegian minke whale survey data
searching with the naked eye (Cooke & Leaper,
1998). These parameters gave a detection func-
tion most closely fitted by a half-normal. The ini-
tial parameters were then iteratively adjusted by
a single multiplicative factor k applied to a: to as
to reflect the sightability of different species with
distance from observer.
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Table 1. Some examples of estimates of g(0) and effective strip half width (eshw) from sightings surveys. In these analyses,
2(0) and eshw were estimated independently —that is, the expected number of whales N detected along transect length L is

given by where D is the density.

Species Region 2(0) eshw Survey reference

Fin whale (Balaenoptera physalus) NE Atlantic 0.81 1.1-2.4 km Vikingsson et al., 2009

Fin whale Antarctic 2.5-3.4 km Branch & Butterworth, 2001
Fin whale West Greenland 0.9 km Heide-Jgrgensen et al., 2007
Blue whale California coast 0.90 2.2-3.2km Calambokidis & Barlow, 2004
(Balaenoptera musculus)

Blue whale NE Atlantic 2.1-3.4 km Pike et al., 2004

Blue whale Antarctic 2.9-3.9 km Branch & Butterworth, 2001
Blue whale Sri Lanka 1.3 km Priyadarshana et al., 2014
Sperm whale (Physeter Antarctic 0.32! 3.5km Kasamatsu & Joyce, 1995
macrocephalus) (long-diving males)

Beaked (single) Antarctic 0.27' 0.5 km Kasamatsu & Joyce, 1995
Beaked (= 4) Antarctic 0.27' 1,000 m Kasamatsu & Joyce, 1995
Sperm whale (mainly female groups; Eastern Tropical 0.87 3,600-4,600 m Barlow & Taylor, 2005

25 min dive followed by 5 min at Pacific

surface). Two observers searching

with Big Eye 25x binoculars

Sperm whale Antarctic 0.13-0.36 km  Branch & Butterworth, 2001
Harbour porpoise North Sea 0.34 126-358 m Hammond et al., 2002
(Phocoena phocoena)

Harbour porpoise North Sea 0.22 Hammond et al., 2013
Minke whale North Sea 0.82 0.23-042km  Hammond et al., 2002
(Balaenoptera acutorostrata)

Minke whale NE Atlantic 0.43-0.51 Schweder et al., 1997
Minke whale NE Atlantic 0.54 Hammond et al., 2013
Minke whale NW Pacific 0.822 Okamura et al., 2009
Antarctic minke whale Antarctic 0.7-1.1 km Branch & Butterworth, 2001
(Balaenoptera bonaerensis)

Antarctic minke whale Antarctic 0.42-0.59 044-0.65km Okamura & Kitakado, 2007

'Model based estimate based on three dedicated observers searching with binoculars
*The estimates of g(0) were 0.754 (CV = 0.33) for top barrel, 0.668 (CV =0.45) for 10 platform, 0.447 (CV =0.77) for upper
bridge, and 0.822 (CV = 0.26) for top barrel and upper bridge

To fit to a particular species scenario (i.e., data
from a sighting survey), the simulation was first
run with vessel speed set to survey speed and the
number of observers set to what was used in the
survey (usually two for a single platform with
observers searching either side of the vessel).
k was then adjusted to match the reported eshw.
The estimated g(0) from the simulation was used
as a validation check where this could be com-
pared to the g(0) estimated from the actual survey.
Once parameters were chosen to fit the sighting
data, then the vessel speed and number of observ-
ers were adjusted to suit the mitigation scenario. In
addition, simulation of mitigation was conducted
for different whale swim speeds since these can
have a substantial effect on mitigation efficiency
but little effect on the sighting detection function.

Most MMOs on seismic vessels search with the
naked eye. Searching with binoculars increases
the average distance of detected cues but results

in a higher fraction of nearby cues being missed
because at any one moment the observer’s field
of view spans a narrower angle. Depending on
the observer search behaviour, the sighting con-
ditions, and the diving behaviour, g(0) and eshw
can be either higher or lower with binoculars com-
pared to the naked eye. Sometimes both g(0) and
eshw are highest for naked eye; sometimes both
are highest with binoculars (either with 7x or for
25x magnification big eye binoculars); and some-
times g(0) is higher with naked eye, but eshw is
higher with binoculars. Similar considerations
apply to comparing different powers of binocu-
lars. For these simulations, the method of search-
ing was assumed to be the same as the closest
equivalent survey data.

Sound Exposure
Quantifying the exposure of an animal to sound
requires a number of assumptions. Even if the
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characteristics of the source across the relevant
range of frequencies are accurately known, it is
difficult to predict the received level for an animal
at a certain depth and distance. Certain types of
injury may depend on the maximum received
sound pressure level; whereas other impacts will
depend on the cumulative effect of sound expo-
sure integrated over time. These issues have been
extensively reviewed by Southall et al. (2007) who
proposed noise exposure criteria for cetaceans and
pinnipeds. They classified sounds into three basic
types: (1) single pulses, (2) multiple pulses, and
(3) nonpulses. For this study, it is assumed that
the sound sources being used would be classified
as multiple pulses. Southall et al. (2007) suggest a
Sound Exposure Level (SEL) for multiple pulses
calculated by

N

RO
) SEL =101log,, 1= >
(pref)

where instantaneous sound pressure, p, is mea-
sured for n exposures and p.s is 1 pPa. This is
essentially an equal energy criterion in that the
SEL for two pulses is equivalent to the SEL of
a single pulse with twice the energy. Most noise
standards now use the equal energy rule (Starck
et al.,2003). If it is assumed that pulses are identi-
cal and that received pressure level for any pulse
can be expressed as a fraction of the source level,
and if the energy within each pulse is expressed
as Epuse
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where s. is the spreading loss for each pulse n =1
to N in terms of a multiplicative factor of P..
For example, in the case of spherical spreading
for a pulse at a received distance of 100 m, S. =
1/10,000.

The effectiveness of mitigation measures can
thus be expressed as the difference in SEL with
mitigation compared to no action relative to the
SEL of a single pulse. In the case of a shutdown,
the s. would be O for pulses n = i to n = j during
which shutdown occurred. Within a limited range
of pulse intervals, the effect of pulse interval on
SEL is effectively an additive term in equation 3.
Thus, the effect of mitigation on SEL is largely
independent of pulse interval. For example,
changing from a 7.5-s interval to 15-s interval
would decrease SEL by around 3 dB across all
individuals —both with and without mitigation.

For a stationary whale, equation 5 can be used
to estimate the cumulative SEL from a pass by a
seismic vessel for any closest approach distance.
This can be expressed relative to the SEL of
a single shot (Figure 1). Assuming a 25-m shot
spacing and either 20log(r) or 15log(r) propaga-
tion loss gives the estimates for different distances
of closest approach (Table 2). These estimates
give an indication of whether it is worth consider-
ing visual observers as a mitigation option. This is
very dependent on propagation conditions and the
source level.

The assessment of risk and what might constitute
an appropriate safety zone will depend on the prop-
erties of the source, the propagation conditions, and
the exposure criteria. Hildebrand (2009) suggests a
pulse energy for a 2,000 psi and 8,000 in’® airgun
array of 241 dB re 1 pPa*s. More typical industry
standard airgun arrays comprise about 28 airgun
elements totalling around 3,100 in® of volume. The
New Zealand guidelines refer to measurements
from a 3,250 in® airgun array with reported levels
around 174 dB re 1 pPa’s at 200 m and a maximum
of 165 dB re 1 pPa*s at 1 to 1.5 km. Measurements
from a 3,090 in’ volume source averaged over the
azimuth in the horizontal plane suggested an equiv-
alent energy level for a single shot of 228 dB re
1 pPa’-s (Parnum & Duncan, 2012). Modelling of
this source also suggested 20log(r) spreading loss
to be an appropriate overall assumption for ranges

Table 2. Distances at which total received energy during a pass would be at a certain level relative to a single pulse

SEL relative to single pulse at 1 m (dB re

-20 dB
1 pPa*s)
Closest approach during a pass (m), 20log(r) 3
propagation loss 1
Closest approach during a pass (m), 15log(r) 312

propagation loss

-25dB -30dB -35dB -40 dB -45 dB
46 132 389 1,118 2,860
1,630 5,270 12,750 28,150 61,000
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Figure 1. Change in total SEL for a pass with perpendicular distance from the trackline for three different assumptions of

propagation loss

up to 1 km for several different scenarios of depth
and bottom type (Parnum & Duncan, 2012).

Mitigation Response

Mitigation options in response to sightings of
cetaceans may involve either reducing source
power or shutting down altogether. In both cases,
there will be a time delay between a sighting and a
mitigation response. However, for the purposes of
this paper, it was assumed that there would be an
instant response. To allow testing by simulation,
it was also assumed that the response was a total
shutdown according to two types of decision rule:

(i) Instant shutdown following any sighting of
species considered at risk

(ii) Instant shutdown following any sighting
within a specified “safety zone” based on per-
pendicular distance from the trackline —that
is, any whale seen within the specified per-
pendicular distance of the trackline would
trigger a shutdown even if it was still greater
than that distance ahead of the vessel (dis-
tance from trackline was used to simulate a
response to whales that would be expected to
come within the shutdown zones; whereas in
practice, a whale often has to be seen within

a specified radial distance from the source to
trigger a shutdown).

Option (i) was included in the simulation to inves-
tigate cases in which whales occur in aggrega-
tions and mitigation efficiency could be improved
by shutting down in response to any sighting,
which might then protect other whales in the
area. However, this does increase the likelihood
of shutdowns when the closest whales are outside
the designated safety zone.

For a specific scenario, the simulation output
included the proportion of animals within 6 km
of the trackline exposed to cumulative levels rela-
tive to the SEL of a single pulse. The mitigation
efficiency, Mccan then be estimated as the propor-
tion of the number of animals no longer exposed
(M1 to MO) as a fraction of the number that would
be exposed without mitigation (M1) for any
cumulative SEL (Figure 2). The assumption of
instant shutdown will not be achieved in practice
however assiduous the observers and operators.
In addition, shutdowns may only be initiated if a
whale is observed within the safety zone radius
rather than within a perpendicular distance of the
vessel’s track. Both of these factors will contribute
a positive bias to M. within the simulation results.
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Figure 2. Example output from simulation illustrating calculation of M. for a specified SEL (in this case -25 dB relative
to the SEL of a single pulse); dashed line illustrates the proportion of animals exposed if source level was reduced by 3 dB

throughout the seismic operations.

Results

The value of g(0) achieved by the MMOs will
essentially set an upper bound on M.so a set of
simulations was conducted to investigate the
effect of vessel speed on g(0) estimates for dif-
ferent species. For the most conspicuous spe-
cies, g(0) increased by about 30% when lowering
speed from typical survey speeds of 10 kts to typi-
cal seismic survey speeds around 5 kts. For less
conspicuous or longer diving species, the increase
was around 100% (Table 3). These results gave a
good fit (R? > 0.99 in all cases) to the theoretical
relationship in equation 4 with values of a and b
for each scenario shown in Table 3:

g(0)=1—ae®v

where v is the vessel speed in ms™. In some miti-
gation scenarios such as for military sonar, vessel
speeds may be greater than typical survey speeds.
Hence, vessel speeds up to 10 ms™ (20 kts) were
investigated in the simulations.

Blue whales were selected as a case study
because they represent one of the most conspicu-
ous species for which there are estimates of g(0)
and strip width from sighting surveys. Visual
observations from MMOs have been proposed for
mitigation during seismic surveys in some areas
where blue whales were the main species of con-
cern (e.g., Great Australian Bight). Most sight-
ings surveys for blue whales assume g(0) = 1, and

typical eshws for blue whale surveys with observ-
ers searching with binoculars are between 2 to 3 km
(e.g., Branch & Butterworth, 2001; Calambokidis
& Barlow, 2004). For average group sizes of
blue whales comprising fewer than 1.5 individu-
als, Calambokidis & Barlow (2004) estimated an
eshw of 2.2 km and g(0) of 0.9 pooling data across
Beaufort sea states O through 5. These sea states
are probably also representative of seismic survey
conditions. Their survey speed was greater than
a typical seismic vessel, but they also had three
observers: one searching with naked eye and 7x
binoculars and two with 25x binoculars. For the
purposes of simulation with the naked eye or only
7x50 binoculars, a strip width of 1,500 m was
selected, and parameters were adjusted to achieve
this. This strip width falls between 2 to 3 km
for observers using binoculars and 1.3 km for
naked eye observers during surveys off Sri Lanka
(Priyadarshana et al., 2014). Dive times of blue
whales vary, but dive times for blue whales off
Chile used to estimate g(0) for aerial surveys
ranged from 149 to 487 s (Galletti Vernazzani,
2012). Croll et al. (2001) report results from time
depth recorders on Balaenopterid whales with a
mean dive duration of 6.8 min. Off Sri Lanka,
De Vos et al. (2011) found mean times for long
dives of around 10 min. Dive time will have a
substantial impact on mitigation efficiency, and so
sensitivity tests were carried out with dive times
of 300 and 600 s (Table 4).

This case study illustrates some general char-
acteristics. With increasing whale movement
speeds, fewer animals will be exposed to the same
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Table 3. Variation in g(0) with vessel speed from simulation results, assuming a single observer and good (survey equivalent
for the species in question) sighting conditions. Surfacing and diving behaviours are examples for that species or group and

may vary between areas and populations.

Scenario BW

MW PP SW BK

Blue whale: 5 quick Minke whale: 3 quick Harbour porpoise: Sperm whale:
surfacings followed

surfacings followed

Beaked whale: 4

1 surfacing 40 blows then quick surfacings

by 300 s dive' by 150 s dive’ every 60 s* 40 min dive* followed by

20 min dive®

2(0) at 2.5 ms™ 0.95 0.77 0.59 044 0.16
(5 kts)

2(0) at 5 ms™ 0.75 0.50 0.34 023 0.08
(10 kts)

Ratio of g(0) at 5 kts 1.27 1.54 1.71 1.94 2.03
to g(0) at 10 kts

A 1.30 1.12 1.03 1.04 1.00

B -8.16 -4.00 -2.29 -1.48 -043

' Examples of blue whale diving behaviour off California in Croll et al. (2001) and off Sri Lanka in De Vos et al. (2011)
? Review of data on surfacing rates for minke whales in the North Atlantic in @ien et al. (2009)

* Observations of diving behaviour of harbour porpoise in Teilmann et al. (2007)

* Data on sperm whale respiration rates in Gordon & Steiner (1992)

> Examples of beaked whale diving data in Barlow & Gisiner (2006) and Baird et al. (2006)

Table 4. Blue whale case study: Simulation parameters were selected to give a strip width of 1,500 m at vessel survey speed
of 10 kts with two observers. This resulted in a g(0) estimate of 0.85 from the simulation (top row). Estimates of M. were
then made for vessel speeds of 5 kts with a mitigation shutdown distance of 1,000 m and whale swim speeds of O to 2 ms™.

Propagation loss was assumed to be 20log(r).

Number of ~ Shut

Vessel Whale Dive surfacings  down

speed speed  duration ineach  distance M- M. M.

(ms™) (ms™") (s) No.obs. sequence 2(0) eshw (m) -20dB -30 dB -40 dB
50 0 300 2 5 - 0.85 1,500 - -- --
25 0 300 2 5 1,000 0.96 1,600 0.96 0.96 0.59
25 1 300 2 5 1,000 - - 0.94 093 0.60
25 2 300 2 5 1,000 -- - 091 0.87 0.56
2.5 2 300 1 5 1,000 0.80 1,300 0.80 0.76 043
2.5 0 600 2 9 1,000 091 1,600 091 0.90 0.53
2.5 1 600 2 9 1,000 -- -- 0.86 0.85 0.51
25 2 600 2 9 1,000 -- -- 0.78 0.72 045

SEL, but mitigation can be less effective because
of whale movement (Figure 3). The influence of
whale speed is also illustrated in Figure 4. In this
case, for moderate exposure levels around -35 dB,
assumptions of slower whale travel speeds result
in higher M. with just one observer compared to
faster travel speeds with two observers.

The variability in M. in Figure 5 at high values
of SEL reflects the small sample sizes within the
simulation of whales subject to these received
levels. Even for this large, conspicuous species
and the assumption of greatest propagation loss
(spherical spreading), the estimates of M. drop
sharply for levels less than -40 dB. This is mainly

influenced by the probability of cue detection at
greater distances, which is not changed much by
number of observers. However, adding an addi-
tional observer does increase M. for higher noise
levels by 10 to 15%.

Table 5 gives some examples of simulation runs
to estimate M. based on the scenarios in Table 3
for other species and 15log(r) spreading loss.
These are provided only to illustrate a range of
different outcomes and are not an alternative to a
full set of trials for a particular mitigation option.
For inconspicuous species such as the harbour
porpoise, M., even for levels as high as -20 dB
relative to a single pulse, is less than 50%. This
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Figure 3. Proportions of animals within 6 km of the trackline affected by SEL over a certain level with and without mitigation
for blue whale case study with eshw ~1.8 km, long dive time (D = 300 s), cues for each surfacing (C = 5), and 1 or 2
observers. g(0) from simulation = 0.94; ship speed = 2.5 ms™. Propagation loss assumed to be 20log(r).
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Figure 4. Mitigation efficiency for blue whale case study. Parameters as for Figure 3.
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Table 5. Estimates of M. for scenarios with parameters from Table 3 and 15log(r) propagation loss

Scenario M. -20 dB
Blue whale, whale speed = 0 093
Blue whale, whale speed = 1 ms" 0.92
Blue whale, whale speed = 2 ms" 0.84
Single harbour porpoise 043
Aggregation of 10 harbour porpoises (surfacing independently) 0.68
Single beaked whale 0.11
Aggregation of 10 beaked whales (surfacing independently) 0.26

will rapidly drop to very low values if mitigation
is required in higher sea states than Beaufort sea
state 2, which is the maximum sea state for which
survey data on detection probability were avail-
able. However, if animals do occur in aggrega-
tions (see Skov & Thomsen, 2008) and shutdowns
occur when any individual is sighted, then M. can
be substantially greater.

Discussion

These results essentially put an upper bound on
M. for good conditions, assuming experienced,
fully alert observers and an instant shutdown
response. The difficulties of practical implemen-
tation of mitigation procedures discussed in Weir
& Dolman (2007) and Compton et al. (2008) will
inevitably result in lower M.. In addition, seismic
surveys continued at night will generally reduce
Me. by around 50% depending on daylight hours.
Poor sightings conditions due to wind (sea state)
or poor visibility will further reduce this but are
difficult to quantify. Barlow & Gisiner (2006)
estimated that when weather and daylight con-
siderations were taken into account, mitigation
monitoring would detect fewer than 2% of beaked
whales that were directly in the path of the ship.
The results of this simulation for similar situations
with difficult-to-see species (Table 5) are consis-
tent with Barlow and Gisiner’s findings. Sightings
rates for inconspicuous species drop very rapidly
with increasing sea state. For example, for har-
bour porpoise sightings, rates fall substantially
between Beaufort sea states 1 and 2 (Teilmann,
2003; SmartWind, 2013). Teilmann (2003) found
that sighting rates for harbour porpoise in Beaufort
sea states 2 and 3 were only 11% that of Beaufort
sea states 0 and 1. For a large dataset in the North
Sea, SmartWind (2013) found the equivalent ratio
was 15%; however, in 50,000 km of surveys that
were only conducted in Beaufort sea states 4 or
less, sea states 0 and 1 were only encountered for
14% of the time.

Some of the most detailed evaluations of miti-
gation efficiency have been undertaken by the
Western Gray Whale Advisory Panel (WGWAP)

(2007) with respect to the effects of seismic sur-
veys on western gray whales (Eschrichtius robus-
tus) on their feeding grounds off Sakhalin Island.
Mitigation efficiency was evaluated for criteria of
a shutdown in response to a whale sighted within
1.5 km, or on a course to come closer than 1.5 km
from the airgun array. For cumulative exposure
levels in the range 195 to 215 dBse, mitigation
was estimated to reduce the expected number
of such exposure cases by 44 to 99%. However,
the mitigation efficiency dropped to 2 to 10% for
exposure levels of 180 dBse.

For conspicuous species in good sighting con-
ditions, use of MMOs may provide a useful level
of risk reduction against injuries from exposures
to SELs greater than -20 to -30 dB relative to a
single pulse (Table 4). However, if propagation
loss was lower (e.g., 15log[r]), then use of MMOs
may no longer be effective at these sound levels
(Table 5). The main conclusion, therefore, is that
simulations of the effectiveness of mitigation
measures need to be performed on a case-by-case
basis using input data that correspond as closely
as possible to the scenario being investigated.
This study considered exposure in terms of SEL.
In some cases, the greatest concern may derive
from the maximum received sound pressure level
(SPL). Evaluating the effectiveness of mitiga-
tion measures to reduce risks of received levels
exceeding a given SPL would require a different
approach. There will be many cases for which
using visual observers results in only a very small
risk reduction, and these situations are not always
immediately apparent. In such situations, alterna-
tives to mitigation based on visual observers may
be required. Passive Acoustic Monitoring (PAM)
using towed hydrophones is increasingly used in
conjunction with MMOs as a way of detecting
animals. It may be possible to simulate the mitiga-
tion efficiency associated with PAM in a similar
way to using MMOs. However, there are currently
limited data on the probability of detection asso-
ciated with PAM compared to data on the visual
detection process. Acoustic detection probability
is also strongly influenced by noise levels and
vocal behaviour (Leaper et al., 2001).
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Without an adequate quantified assessment of
the risk reduction, mitigation measures may often
be applied inappropriately or result in regulators
granting approval for activities on the basis of
measures that do little to reduce risk. The simula-
tion framework used here is simple but does give
a useful indication of the likely risk reduction that
may be achieved. Estimates of g(0) and eshw along
with predictions of propagation loss do provide a
useful first indication of whether it is worth con-
sidering using visual observers for mitigation pur-
poses. Estimates of g(0) provide an upper bound
on M. if adjusted for vessel speed. For safety zones
with a radius of less than around half eshw, M.
may be around 90% of g(0). The overall estimates
of M. are sensitive to all the variables that affect
eshw and g(0), and estimates of these for surveys
of similar species in similar areas can vary con-
siderably. Although seismic activity is used as the
main case study here, the same approach could
be applied to sonar use or pile driving. However,
overall results are most influenced by assump-
tions about propagation loss. Many Environmental
Impact Assessments do include detailed predic-
tions of propagation and so this information is
often available for input into a simulation model,
including the visual detection process (Parnum &
Duncan, 2012; SmartWind, 2013).

In addition to whether the risk reduction
achieved by shutdowns is a useful contribution
to mitigation, it is also necessary to consider the
impacts of additional noise input due to shut-
downs. Completing a seismic survey that has
been interrupted by a shutdown will inevitably
require additional source deployments to resur-
vey a section of a line. In some circumstances, the
whole survey line needs to be repeated following
a shutdown. There may also be a requirement for
a soft start following the interruption. The result-
ing additional noise needs to be taken into account
in any assessment of the risk reduction that is
likely to be achieved, including implications for
disturbance and behavioural responses. However,
unless the likely actions needed to complete the
seismic survey following a shutdown are speci-
fied, it is difficult to predict how many additional
pulses are likely to be generated.

The proportion of whales that would have been
at risk of injury without mitigation and remain
at risk of injury with mitigation in place will be
(1-M.). So, if N whales were at risk of injury with-
out mitigation, then N(1-M.) will be at risk with
mitigation. If the mitigation actions increase the
total length of seismic lines surveyed by a factor
of Q, then NQ (1-M.) whales will be at risk assum-
ing whale density within the survey region has not
been influenced by the survey. In areas with more
than one cetacean species, shutdowns may occur

for the more visible species, but the additional
noise generated will also impact the less visible
species. In these circumstances, it is possible that
0O (1-M.) > 1 will result in greater risk for some
species as a result of the mitigation measures.

In conclusion, quantifying the effectiveness
of proposed mitigation measures is necessary
to allow regulators to make informed decisions
on whether to grant a licence to allow an activ-
ity to take place and to select mitigation options
that most effectively reduce risk. In particular,
the risk reduction associated with technologies
that allow for reduced source levels can be com-
pared with current mitigation practices. Based on
the results of this study, there will be very few
instances where mitigation using visual observers
can achieve a greater risk reduction than would
be achieved by a 3 dB reduction in source level
throughout the survey.
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