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ABSTRACT
Observations undertaken during 201 seismic surveys in UK and adjacent waters were analysed to examine effects on cetaceans. Sighting
rates, distance from the airguns and orientation were compared for periods when airguns were active and when they were silent, both for
surveys with airgun arrays of large volume and surveys with smaller volume arrays. The results demonstrate that cetaceans can be disturbed
by seismic exploration. Small odontocetes showed the strongest lateral spatial avoidance (extending at least as far as the limit of visual
observation) in response to active airguns, while mysticetes and killer whales showed more localised spatial avoidance. Long-finned pilot
whales showed only a change in orientation and sperm whales showed no statistically significant effects. Responses to active airguns were
greater during those seismic surveys with large volume airgun arrays than those with smaller volumes of airguns. It is suggested that the
different taxonomic groups of cetaceans may adopt different strategies for responding to acoustic disturbance from seismic surveys; some
small odontocetes move out of the immediate area, while the slower moving mysticetes orient away from the vessel and increase their
distance from the source but do not move away from the area completely.
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INTRODUCTION
Cetaceans use sound to communicate and, in some cases, to
echolocate. Their ability to detect calls from conspecifics,
echolocation signals and other natural sounds is likely to be
of paramount importance. Man-made sounds have the
potential to interfere with their natural functions, such as
feeding, social interactions and navigation, as well as the
potential to cause physical harm. Seismic surveys use
airguns to generate sound for the purpose of exploration of
geological features beneath the seabed; seismic surveys are
commonplace in the world’s oceans, with noise from
seismic airguns being recorded frequently over large
distances (Nieukirk et al., 2004). The airguns used produce
sound at low frequencies that overlap with those used by
mysticetes; these species are therefore considered to be
vulnerable to disturbance from seismic surveys. Seismic
operations also emit incidental high frequency sounds
(Goold and Fish, 1998) that could potentially disturb
odontocetes which communicate and echolocate using high
frequencies. Several reports have called for more research
into the effects of anthropogenic noise on marine mammals
(Cox et al., 2006; National Research Council, 2000; 2003;
2005). More specifically, Richardson et al. (1995)
concluded that information is needed about reactions of
odontocetes to underwater noise from airgun arrays used for
seismic exploration. Kastelein and Wartzok (2004) also
highlighted the need for information on the behavioural
responses of marine mammals to current mitigation
measures.
To address conservation concerns that have arisen in
relation to seismic surveys, in 1995 the UK government and
the Joint Nature Conservation Committee (JNCC) issued
guidelines for seismic operations (latest version: JNCC,
2004). The guidelines have requirements for operators at the
planning stage and during the operation of a seismic survey.
For example, for at least 30 minutes prior to using airguns,
onboard observers should check for the presence of marine
mammals within 500m of the airgun array; if any are
detected then use of the airguns must be delayed until at
least 20 minutes after the last sighting. Whether marine
mammals are detected or not, a ‘soft start’ procedure should
be employed, where airgun array power is gradually built up

over at least 20min from a low energy starting level. Seismic
operators should submit a report to JNCC, using standard
recording forms that are used to assess the implementation
of the guidelines and the effects of seismic airguns on
marine mammals. Previous analyses of annual data sets
(Stone, 1997; 1998b; 2000; 2001; 2003) have been limited
by small sample sizes. This paper uses data combined over
four years (1997-2000) to investigate further the effects of
seismic airgun activity on cetaceans.
METHODS
Visual monitoring for marine mammals was conducted
during daylight on seismic survey vessels operating in UK
and some adjacent waters, to ensure implementation of the
JNCC guidelines. Observers ranged from biologists
experienced in marine mammal surveys, to non-scientific
personnel who had usually received training that included
the implementation of the guidelines, data recording and
marine mammal identification. Data from 201 seismic
surveys during which weather conditions were recorded
were used, enabling the influence of weather on the
detection of cetaceans to be controlled when analysing the
data. The surveys covered 152 quadrants (1° 3 1°
rectangles), including those passed in transit (Fig. 1). All
except two surveys (in 1997) took place between 1998 and
2000. Survey effort was not evenly distributed spatially or
temporally, peaking during summer and in the northern
North Sea and to the west of Shetland. The proportion of
time when the seismic sources were active (shooting) also
varied spatially and temporally.
A total of 110 surveys used large airgun arrays with
volumes in excess of 1,300 cubic inches (cu.in.), with most
(79%) using volumes of at least 3,000cu.in. The noise
characteristics of these large volume airgun arrays varied
between surveys, but typically frequencies used were 3218Hz, with a peak energy output from the source of around
65-70 bar metres, equating to a peak source level of around
250dB re. 1mPa @ 1m in the dominant bandwidth. A total of
39,168hr 06min was spent watching for cetaceans during
these 110 surveys with large volumes of airguns, with the
airguns being active for 38% of this time. The remaining 91
surveys, hereafter collectively termed site surveys, used low

256

STONE & TASKER: EFFECTS OF SEISMIC AIRGUNS ON CETACEANS

Weather conditions varied considerably and influenced
the ability of observers to detect cetaceans, with sighting
rates increasing as sea state and swell decreased and as
visibility increased. As the proportion of time spent shooting
also varied in relation to weather conditions, periods of poor
weather were discarded when comparing sighting rates or
distance of animals from the source in relation to airgun
activity. In these cases only periods with sea states of ‘slight’
(equivalent to sea state 3) or less, swell of less than 2m and
visibility of more than 5km were used.
RESULTS

Fig. 1. Quadrants surveyed for cetaceans from seismic surveys, with
1,000m isobath.

power output to survey small areas to shallow depth (e.g. for
rig site, pipeline, cable route, debris or anchor search
surveys). On most (87%) site surveys the total array volume
was 180cu.in. or less; the maximum array volume for these
surveys was 820cu.in. The frequencies used during site
surveys were typically 3-250Hz, with a peak energy output
of around 10 bar metres, equating to a peak source level of
around 235dB re. 1mPa @ 1m. Data from site surveys were
analysed separately from surveys with large volume airgun
arrays. Most site surveys were of short duration;
observations during site surveys totalled 5,383hr 44min,
with the airguns active for 17% of this time.
Observers routinely recorded information including the
duration of the watch for marine mammals and the duration
of airgun activity during the watch. Weather conditions,
including sea state, swell and visibility, were recorded.
When marine mammals were encountered, the information
recorded included date, time, airgun activity, location,
depth, species, number, direction of travel (relative to the
vessel and in compass points), behaviour and the closest
distance of approach to the airguns. Observers were asked to
provide descriptions of marine mammals to support their
identification. Where descriptions were not sufficient to
confirm the identification, the taxonomic level of the
identification was downgraded (e.g. from common
bottlenose dolphin (Tursiops truncatus) to dolphin sp.).
Videos or photographs, where available, were used to verify
identification. Sometimes sightings that could not be
identified to the species level could nevertheless be
identified as being one of a group of morphologically
similar species, e.g. fin/sei whale (Balaenoptera physalus/
B. borealis), white-beaked dolphin/Atlantic white-sided
dolphin (Lagenorhynchus albirostris/L. acutus). At times,
particularly with distant or brief sightings, it was impossible
to identify animals beyond the level of small odontocete (i.e.
excluding sperm whale (Physeter macrocephalus), killer
whale (Orcinus orca), long-finned pilot whale
(Globicephala melas) and beaked whales) or a mysticete.
For some groups of morphologically similar species there
were considerable numbers of sightings and in order to gain
as much information from the data as possible these species
groups were included in the analyses.

Sighting rate of cetaceans
There were 1,625 sightings of cetaceans (Table 1). Sighting
rates were calculated per unit effort (1,000 hours of
observations), and were compared between periods of
shooting and periods when the airguns were silent.
Variations in sighting rate due to location, season or
observer ability were controlled by using matched pairs
within each day of each survey. Only periods of good
weather conditions were used, as defined above.
Sighting rates of all cetaceans combined, all small
odontocetes combined, and the Lagenorhynchus species
(both individual species and a group comprising all
Lagenorhynchus species combined) were significantly
reduced during periods of shooting on surveys with large
volume airgun arrays (Fig. 2; Table 2). For site surveys, a
significant reduction in sighting rate during periods of
shooting was found for all small odontocetes combined (z
=2.116, n=14, p=0.0170; Fig. 3).
Sighting rates through the course of surveys were
examined for evidence of exclusion from survey areas due
to the continued use of seismic airguns, using only periods
of good weather conditions. The influence of location and
season was controlled by using only data from known areas
and months of peak abundance, established using various
sources (e.g. Bloor et al., 1996; Clark and Charif, 1998;
JNCC, 1995; NERC, 1998; Northridge et al., 1995; Pollock
et al., 2000; Pollock et al., 1997; Reid et al., 2003; Skov et
al., 1995). Kruskal-Wallis analysis of variance showed that
variations in sighting rate (over a maximum of 18 weeks)
during surveys with large volume airgun arrays were nonsignificant for all species. For site surveys the results (over
a maximum of four weeks) were also non-significant.
Distance of cetaceans from the airguns
The median closest distance of approach to the airguns was
compared between periods of shooting and periods when the
airguns were not firing, using only periods of good weather
conditions (as defined above). Only species where the
sample size equalled or exceeded 10 sightings were used.
All small odontocetes tested, killer whales and all
mysticetes combined remained significantly further from
the source during periods of shooting on surveys with large
volume airgun arrays (Fig. 4; Table 3). The only species
found to approach closer to the airguns during periods of
shooting was the sperm whale, but this result was not
statistically significant. During site surveys no significant
differences in the closest distance of approach of animals to
the source were found (Fig. 5).
The proportion of sightings of small odontocetes within a
given range of large volume airgun arrays was significantly
reduced during periods of shooting (Fig. 6; KolmogorovSmirnov test c2 approximation = 21.021, df=1, p<0.001),
while for other cetaceans no significant differences were
found (c2 approximation = 3.056, df=1). During site surveys
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Orientation of cetaceans
The orientation of some species or species groups (all
cetaceans combined, all mysticetes combined, all small
odontocetes combined, long-finned pilot whale,
Lagenorhynchus spp., white-beaked dolphin and harbour
porpoise (Phocoena phocoena)) varied significantly with
airgun activity (Table 4); partitioning showed that
significantly fewer animals were travelling towards the
vessel and/or more were travelling away from the vessel
during periods of shooting. Orientation during site surveys
differed with airgun activity for all species or species groups
tested (Table 5), with significantly fewer animals travelling
towards the vessel and/or more travelling away from the
vessel during periods of shooting.
Although precise data on other aspects of behaviour were
not collected, observers’ records suggested that fewer
cetaceans were feeding, fewer were interacting with the
vessel or its equipment (e.g. bow-riding) and more were
altering course when airguns were active. Observers also
gained the impression that small odontocetes tended to
swim faster when airguns were active and some mysticetes
remained submerged more when airguns were silent.
there were no significant differences in the proportion of
sightings within a given range of the airguns in relation to
airgun activity for any cetaceans (small odontocetes: c2
approximation = 0.097, df=1; other cetaceans: c 2
approximation=1.214, df=1).

Sightings during the soft start
Sightings occurring only during the soft start were
compared with those only occurring at other times
during surveys with large volume airgun arrays (no
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Fig. 2. Sighting rates of cetaceans in relation to the use of large volume airgun arrays.

Fig. 3. Sighting rates of cetaceans in relation to the use of airguns during site surveys.

Fig. 4. Median closest distance of approach of cetaceans to large volume airgun arrays in relation to airgun activity.
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Fig. 5. Median closest distance of approach of cetaceans to airguns in
relation to airgun activity during site surveys.
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sightings occurred during the soft start on site surveys).
As sample sizes were small, all cetaceans were
combined.
The median closest distance of approach of cetaceans
observed during periods of good weather varied according
to the activity of the airguns (median distance when
shooting at full power=1.1km, during soft start=900m, when
not shooting=700m; Kruskal-Wallis statistic=18.970,
n=569, df=2, p<0.001). Multiple comparisons revealed
significant differences between the distance of cetaceans
when the airguns were not firing and during shooting at full
power levels, but the distance of cetaceans during the soft
start did not differ significantly from either shooting at full
power or not shooting.
Although sample sizes were too small to test differences
in orientation of cetaceans during the soft start, more small
odontocetes were seen heading away from the vessel (29%)
during the soft start than in any other direction, although it
was also noted that there were occasional instances of whitebeaked dolphins bow-riding. Mysticetes were also more
often seen heading away from the vessel (22%) than towards
it (11%) during the soft start, while the few long-finned pilot
whales seen during the soft start tended to head towards the
vessel (67%).
Of 12 sightings that were present at the onset of a soft
start, two exhibited startle responses. A pod of long-finned
pilot whales 290m from the airguns altered course and swam
away from the vessel as the soft start commenced. In
another case, a sperm whale at 2km from the airguns had
previously been swimming slowly and had dived; it
resurfaced as the soft start began and swam rapidly at the
surface.
DISCUSSION

Fig. 6. Proportion of cetacean sightings occurring within specified
distances of large volume airgun arrays, in relation to airgun activity.
* Medium and large cetaceans = long-finned pilot whale, killer
whale, beaked whales, sperm whale and mysticetes.

The responses observed here indicate that there is some
level of disturbance of cetaceans by seismic airguns. The
observations suggest that small odontocetes show the
strongest lateral spatial avoidance of active airguns, with
mysticetes and killer whales showing some localised spatial
avoidance, long-finned pilot whales showing only a change
in orientation and sperm whales showing no statistically
significant effects from these data.
Most of the energy from seismic airguns is at frequencies
below the optimum hearing range of small odontocetes,
whose greatest auditory sensitivities lie within the range 10150kHz; consequently they are sometimes regarded as being
relatively insensitive to seismic sounds (Richardson et al.,
1995). However, high frequency noise is emitted
incidentally during seismic operations. Seismic exploration
generally utilises frequencies up to 220Hz, but Goold and
Fish (1998) found that noise from seismic airguns also
dominated the 200Hz-22kHz bandwidth at ranges of up to
2km from the source and that even at 8km airgun noise
exceeded background noise at frequencies of up to 8kHz.
They concluded that seismic emissions would be audible to
dolphins out to ranges of at least 8km. Furthermore,
dolphins may be able to detect low frequency sounds using
some mechanism other than conventional hearing. Turl
(1993) found that a common bottlenose dolphin responded
to sounds of 50-100Hz and suggested that this was due to
detection of particle velocity or a combination of pressure
and velocity in the near-field.
Those small odontocetes tested showed a greater range of
responses to seismic surveys than mysticetes or larger
odontocetes. Amongst these responses, significant declines
in sighting rates during periods of shooting were observed
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for the Lagenorhynchus species and all small odontocetes
combined. This implies that effects persist at least as far as
the limit of visual observation. Studies of the effects of
seismic airguns on small odontocetes are rare, with most
previous work concentrating on mysticetes and sperm
whales; one study found that common dolphin (Delphinus
delphis) populations were apparently temporarily disturbed
by seismic surveys (Goold, 1996), while another found a
reduction in cetacean diversity, mainly amongst members of
the family Delphinidae, during a period of intensification of
seismic surveys (Parente and de Araújo, 2005).
Mysticetes have often been considered to be vulnerable to
anthropogenic noise (e.g. Ketten, 1998; Richardson et al.,
1995), as the frequencies they use overlap with those
produced by many industrial sources. Although the auditory
sensitivities of mysticetes are not known, there is an
assumption that hearing will occupy approximately the
same range of frequencies that these animals produce
sounds at. Fin whales, for example, produce calls around
20Hz (Watkins, 1981) and would be expected to be sensitive
to sounds at these frequencies.

In spite of their anticipated vulnerability, few responses to
airgun activity have been recorded for mysticetes in UK
waters. No obvious effects on the occurrence of individual
species were found in the present study. However, when all
species of mysticetes were combined to permit inclusion of
sightings that were not identified to species level, it was
found that they occurred further from the airguns during
periods of shooting and tended to head away from the vessel
at these times. These results indicate that there may be at
least some level of localised spatial avoidance of operating
airguns by mysticetes. Avoidance of airguns has previously
been observed in mysticetes in other regions (e.g. Ljungblad
et al., 1988; Richardson et al., 1985; Richardson and
Greene, 1993; Richardson et al., 1999; Weller et al.,
2002).
The absence of any reduction in sighting rates of
mysticetes should not be taken as confirmation that there
was no or minimal disturbance. As discussed above, there
were other indications of localised spatial avoidance, and in
addition there may be effects not able to be detected using
these data. For example, effects on vocalisations would not
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be apparent from visual observations. Changes in call
detection rates in response to airgun activity have been
found for bowhead whales, Balaena mysticetus (Greene et
al., 1999; Richardson, 1997). Other studies have also
indicated some level of stress, with alterations in surfacing,
respiration and dive cycles being observed in mysticetes in
response to the use of seismic airguns, sometimes at
considerable distances from the source (Ljungblad et al.,
1988; Richardson et al., 1985; Richardson et al., 1995;
Richardson et al., 1986). Although effects of active airguns
on the physiology of the mysticetes found around the UK
are largely unknown, in one study, shorter blow intervals
indicated an increase in the respiration rate of fin whales
within 1km of the airguns during periods of shooting (Stone,
1998a).
No statistically significant effects of airgun activity on
sperm whales were found during this study, although a
startle response was noted at the onset of shooting on one
occasion. Some studies have found that the use of seismic
airguns resulted in a decrease in abundance of sperm whales
(Mate et al., 1996; Stone, 2006) and negative effects on their
communication and orientation (Bowles et al., 1994; Rankin
and Evans, 1998), while other studies have shown no
response to operating airguns (Madsen et al., 2002; Tyack et
al., 2003). Cetaceans hear as well at depth as they do near
the surface (Ridgway et al., 1998), so deep-diving species
such as sperm whales will be vulnerable to acoustic
disturbance throughout the water column. It may be difficult
to observe effects on their occurrence or behaviour simply
from surface observations due to the relatively small
proportion of time they spend at the surface.
Long-finned pilot whales also showed little response to
operating airguns. The only observed effect was on their
orientation, with more heading away from and fewer
towards the vessel during periods of shooting. However, any
avoidance appeared to be relatively minor as there was no
significant difference in their distance from the airguns in
relation to airgun activity. Bowles et al. (1994) noted that
pilot whales were not vocalising during periods of airgun
noise.
For the first time, some effects of airgun activity on killer
whales have been assessed. As with the mysticetes, sperm
whales and long-finned pilot whales, no reduction in the
sighting rate of killer whales was found in response to
operating airguns. However, killer whales were found to
remain further from the source when it was active, which
may indicate some level of spatial avoidance. As with small
odontocetes, studies on the effects of airgun activity are rare
for medium-sized odontocetes; however, seismic surveys
may have been implicated in at least one beaked whale
stranding (Peterson, 2003; Taylor et al., 2004).
It is possible that the different cetacean species react to
the use of seismic airguns in different ways. It has been
suggested that species variation in auditory processing is so
important that a distinction should certainly be made
between taxonomic groups that have widely different
hearing and sensitivity frequencies (National Research
Council, 2005). Most of the taxonomic groups examined
here have shown at least some response during periods of
shooting. The fast moving small odontocetes not only orient
away from the source and increase their distance from it, but
are able to move out of the immediate area (as indicated by
reduced sighting rates during periods of shooting).
However, although mysticetes orient away from the survey
vessel and increase their distance from the source, they do
not move away from the area completely. It is possible that
these slower moving species, rather than moving out of the
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area, have adopted a different strategy in response to
anthropogenic noise. Some studies have suggested that
cetaceans may remain near the surface during periods of
noise – received sound levels near the surface are generally
lower than at greater depths (Richardson et al., 1995; Urick,
1983). McCauley et al. (1998; 2000) offered this as an
explanation for humpback whales spending much of their
time at the surface during a period of seismic surveying, and
it could also explain an increased tendency for cetaceans to
be logging at the water surface during periods of shooting
(Stone, 2006). Observations during the present study hinted
that some mysticetes may submerge less during periods of
shooting; it would be useful to collect precise behavioural
data to investigate this further.
The avoidance exhibited by small odontocetes, and to a
lesser extent other cetaceans, appears to be temporary. There
was no consistent evidence of declining sighting rates
throughout the course of seismic surveys. However, it is not
known whether animals seen later in a survey are the same
individuals that were present earlier, or whether they have
left and new animals have arrived. It is also possible that
animals may have no choice but to remain in an area, if there
is some reason (e.g. food) that they need to be there.
Site surveys had some effects on cetaceans, although less
than surveys with large volume airgun arrays. Effects on
orientation were evident for all species tested.
Barlow and Gisiner (2006) have stated that marine
mammal responses to the soft start are unknown and that
since the effectiveness of the method is untested, there is a
need for more research. The value of the present study in
this respect was limited by small sample sizes – larger
sample sizes of sightings during the soft start are needed to
assess the effectiveness of this procedure as a mitigation
tool. Obtaining larger sample sizes should be feasible by
continuing the present programme of data collection from
seismic surveys, and would present an economical first step
towards evaluating the effectiveness of the soft start.
Although the present study found that more cetaceans
were heading away from the vessel than towards it during
the soft start (with the exception of long-finned pilot whale),
sample sizes were too small to test the significance of this
result. Another study found that significantly more
cetaceans were heading away from the vessel during the soft
start than at any other time, including when airguns were
shooting at full power (Stone, 2006). Swimming away from
the vessel during the soft start may reduce the potential for
disturbance; although in the present study some cetaceans
swam away from the vessel during the soft start, conversely
some dolphins engaged in bow-riding. Noise levels ahead of
the vessel may be less than those abeam of it (McCauley et
al., 2000; Richardson et al., 1995), but animals bow-riding
during low power shooting may be vulnerable to
disturbance if they have insufficient time to move away
before full power levels are reached.
As well as minimising disturbance, the aim of the soft
start is to reduce the risk of physical injury to undetected
animals close to the source, and this risk may increase if
shooting were to commence at full power levels with no soft
start. Encounters with cetaceans have been noted as
occurring at increasing distances from the airguns during the
first two-thirds of the soft start, when relative increases in
power are greatest, then closer to the airguns again during
the latter stages, when relative increases in power are low
(Stone, 2006); a secondary peak in the closest distance of
approach has been observed at the commencement of the
soft start, perhaps due to a startle response. Instances where
a startle response was observed during the present study also
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support the need for a soft start; startle responses would
presumably be more severe and/or more frequent if shooting
were to commence at full power.
This study concentrated on examining short-term effects
of airgun activity on the occurrence and orientation of
cetaceans. Other potential effects remain largely unknown,
for example long-term effects, effects on vocalisations,
behaviour and physiology, consequences of auditory
masking and the potential for damage to hearing. The lack
of an observed response in some species does not therefore
imply that the use of seismic airguns has no effect on those
species. Furthermore, although those responses that were
observed were short-term effects, it is not known whether
these may have been biologically significant: effects that
persisted beyond the time of disturbance, responses that
affected the ability of animals to engage in essential
activities (e.g. breeding, feeding, caring for young,
migrating, etc.), or effects that had consequences at the
population level. The difficulties of determining the
biological significance of observed effects are recognised
(National Research Council, 2003; 2005). Until the
biological significance of the observed effects can be
determined, precautionary guidelines to minimise
disturbance should continue to be applied.
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