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INTRODUCTION

Airgun arrays are powerful sources of low-fre-
quency impulsive sounds, used at sea for geophysical
research and fossil fuel prospecting. Their operation
may pose risks to marine life, because high-level
exposure to impulsive sound pulses can injure ani-
mals including marine mammals, fish, and turtles, for
example causing temporary or permanent damage to
the auditory system (DeRuiter 2010). Exposure to an -
thropogenic sounds like airguns can also cause ani-
mals to alter their movements and behavior, and may
subject them to stress (DeRuiter 2010). These poten-
tial risks have led many countries to impose regula-
tions on the operation of airguns (Castellote 2007,
Weir & Dolman 2007, Compton et al. 2008). The reg-

ulations are designed to minimize the potential
effects of airguns on marine animals, although they
generally focus specifically on marine mammals.
Despite some evidence that animals respond behav-
iorally to airguns (Miller et al. 2009, DeRuiter 2010),
the significance of these responses and the condi-
tions in which they occur are not well understood.

Sea turtles face serious conservation challenges,
with 6 of the 7 species critically endangered, endan-
gered, or vulnerable (IUCN 2011). It is therefore im -
portant to understand whether sound sources like air-
guns provoke behavior changes that compromise
their energy budgets, exclude them from important
habitat, or increase their stress levels. Although tur-
tles do not have particularly sensitive auditory sys-
tems, their ranges of best hearing seem to overlap
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startle response. Binomial regression indicated that turtle dive probability decreased with increas-
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with the low-frequency band in which airguns oper-
ate. Airgun arrays generally have peak frequencies
<200 Hz (Pacault & Lurton 2010). Turtle audition is
fairly poorly studied to date, but existing data suggest
that they hear best between about 100 Hz and 1 kHz,
and should thus be able detect low-frequency, high-
amplitude pulses from airgun arrays (Ridgway et al.
1969, Bartol et al. 1999, Streeter & Floyd 1999, Moein
Bartol & Musick 2003, Ketten & Bartol 2005). Given
the current lack of comprehensive data on turtle
hearing sensitivity, it is difficult to predict the sound
exposure levels that would be required to cause them
temporary or permanent hearing loss. The effects of
such hearing loss on fitness are even more challeng-
ing to predict, since turtles are not known to rely
heavily on sound to communicate or sense their envi-
ronment. However, hearing damage is not the only
way airguns could affect turtles. Turtles could also re-
spond to airgun pulses by changing their behavior.
Such changes could affect turtle fitness by reducing
the time and energy available for feeding, mating, or
other key activities, or by increasing the amount of
time spent in suboptimal habitat (such as areas where
predators are more abundant or prey less abundant).

Currently, behavioral responses of marine turtles
to airgun array sounds are not well understood. Stud-
ies of captive turtles exposed to sound from individ-
ual airguns suggest that they may show startle or
avoidance responses to airguns (O’Hara & Wilcox
1990, McCauley et al. 2000, Moein Bartol & Musick
2003). Observations of turtle responses to at-sea air-
gun array operations have been unable to conclu-
sively document or rule out behavioral responses of
turtles, because analysis was complicated by small

sample size, variability of sighting rates with sea
state, and confounding responses by turtles to the
source vessel or other visual stimuli (de Gurjão et al.
2005, Parente et al. 2006, Weir 2007).

The current study presents an analysis of visual
observations of loggerhead turtles Caretta caretta
during airgun array operations in Algerian waters.
We describe turtle behavioral responses to airgun
array transmissions, assessing the relationship be -
tween dive occurrence, range to the airgun sound
source, and airgun exposure level.

MATERIALS AND METHODS

Visual observations of turtles

At-sea visual observations of marine mammals and
turtles were conducted between 26 September and
8 October 2009 during a seismic survey in the Medi -
terranean Sea off Algeria, as part of the French-
 Algerian geophysical research and seafloor mapping
project SPIRAL (Sismique Profonde et Investigation
Régionale du Nord de l’Algérie) aboard the RV ‘Ata-
lante’. The project continued through 10 November
2009, but airgun activity was infrequent, the authors
of the present study were no longer on board, and the
observers on board after 9 October did not record
any turtle sightings. Fig. 1 shows a map of the study
area and the ship’s track line. During the survey, the
RV ‘Atalante’ traveled at a speed of 5 knots, towing a
13-gun airgun array with a total volume of 0.040 m–3

and a nominal (modeled) source level of 252 dB re
1 µPa at 1 m (peak). The array tow depth was 11.5 m

at the center of the array. Although
there are no local or regional regula-
tions related to airgun operations in
Algeria, self-imposed Ifremer guide-
lines re quired the presence of marine
mammal observers (MMOs); based on
observer sightings, airgun operations
were suspended if any marine mam-
mal was sighted within 500 m of the
array, and no airgun operations com-
menced unless marine mammals had
not been sighted within 1000 m of the
array for at least 30 min. At initiation of
shooting, a ramp-up procedure was
followed, in which the number of air-
guns firing was gradually increased
over a 30 min period. During both
ramp-up and full-power operations,
the array was fired every 19.4 s.
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Fig. 1. Ship’s track and turtle sightings. Grey trace shows the track of the RV
‘Atalante’ for the entire SPIRAL cruise (26 September to 10 November 2009).
Black trace shows the ship’s track during the days when turtles were sighted,
from 28 September to 6 October 2009 (the black triangle marks the first ship
position on 28 September; black square, the last ship position on 6 October).
Black circles mark the locations along the track at which turtles were sighted



DeRuiter & Larbi Doukara: Airguns and sea turtles

All visual observations analyzed in the present
study were collected during active airgun operations
by MMO (the authors); no turtles were sighted dur-
ing ramp-up or during periods when the airguns
were not operating. During daylight hours, at least 1
observer was stationed on the flying bridge (eye
height 13.5 m above the sea surface) or, in poor
weather, on the bridge (eye height 12.5 m) of the RV
‘Atalante’. Monitoring 360° around the vessel is pos-
sible from both platforms. When possible in conjunc-
tion with marine mammal observations, observers
also monitored the seas in all directions for turtles,
using the naked eye or Fujinon 7 × 50 handheld
binoculars (Fujifilm). Observers recorded the time of
each sighting and the position of each sighted turtle,
including angle to the sighting (using an angle board
and taking the ship’s heading as 0°) and radial dis-
tance to the turtle (in binocular reticles or, for turtles
within about 150 m of the ship, estimated in meters).
When possible, multiple positions were recorded for
each animal, photographs were taken, and further
data on turtle behavior were noted. Behavior cate-
gories included basking (here defined as floating
motionless and drifting at the water’s surface, often
with a dry shell) and swimming underwater; other
events such as agitating flippers, raising head, and
splashing were also noted. Occurrence of dives was
recorded, in cluding position at time of dive and swim
direction, as possible. Data on environmental condi-
tions, in cluding sea state, wind speed and direction,
swell, water depth, visibility, and ship speed were
also recorded every half hour.

Processing and statistical analysis of sighting data

We converted the sighting data to positions relative
to the observers (azimuth angle and range in meters)
using established reticle−distance conversion factors
(Lerczak & Hobbs 1998, Kinzey & Gerrodette 2001).
These positions were then converted to positions
 relative to the center of the array, using standard
trigonometry and observer-array geometry (the cen-
ter of the array was located 94.3 m directly astern of
the observer station). A track was estimated for each
turtle. For turtles sighted more than once (n = 40),
we fit a straight line to the observed positions to
establish the track using linear least squares. For tur-
tles sighted only once, the estimated tracks were
straight lines parallel to the course of the ship (see
‘Results’ for justification of this approximation). We
used the tracks to calculate the minimum horizontal
distance between each turtle and the center of the

array along the turtle’s track line (even if the turtle
dove before passing that close to the array). This dis-
tance metric was chosen, rather than distance from
the array at the time of the dive, because it can be
quantified for both diving and non-diving turtles,
thus allowing assessment of the probability of diving
as a function of range from the array. Turtles whose
track lines were equidistant from the array likely
received comparable sound exposures on average, at
least as long as they remained at the surface, so the
chosen distance metric is an acceptable proxy for
exposure. To assess the relationship between turtle
dive probability and this minimum turtle-array dis-
tance, we carried out a binomial regression (with the
log link function) in R (www.R-project.org). Previous
work has documented diving by marine turtles in
response to the close proximity of vessels or other
surface objects (Weir 2007). Because control data
(collected when airguns were not firing) was not
available for this analysis, it is difficult to objectively
determine whether turtles diving close to the ship did
so because of the sound exposure or because of ves-
sel presence. To address this issue, we chose to
include in the regression only data from turtles never
sighted at positions within 20° of the ship’s heading.
Since turtle tracklines were primarily parallel to the
ship, this requirement effectively excluded all turtles
that came close to the ship (in cluding the 3 individu-
als observed to startle and dive in response to the
bow of the boat). We also carried out a separate,
analogous regression analysis including only the
 turtles sighted within 20° of the ship’s heading to try
to assess the relationship of dive probability and
proximity to the ship.

Collection and processing of acoustic data

Airgun sounds were recorded on an array of 3
broadband hydrophones: 2 ITC 8095 hydrophones
(average measured sensitivity: 188 dB re 1 V/µPa for
frequencies <5 kHz; ITC) and 1 Reson TC 4014
 (nominal broadband sensitivity: 186 dB re 1 V/µPa;
Reson). The ITC hydrophones were deployed
through an instrument well on the stern deck of the
seismic vessel; they were fixed securely on a custom-
built polyethylene plate. The Reson hydrophone was
permanently installed on the sonar-transducer gon-
dola nearer the bow of the vessel. Both ITC
hydrophones were located 72 m from the center of
the airgun array, while the Reson hydrophone was
94 m from the array. All 3 hydrophones were at 6 m
depth below the sea surface.
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After application of an anti-aliasing filter at
100 kHz and 20 or 32 dB amplification using RAP
amplifiers (Orca), hydrophone signals were digitized
at a sampling rate of 192 kHz using an NI PCI 6731
data acquisition card (National Instruments) and,
finally, recorded on a computer hard drive via Pam-
guard software (www.pamguard.org).

The times of 156 recorded airgun arrivals were
determined via visual scans of spectrograms. To
determine airgun levels, we calculated the peak
received level of each arrival using custom scripts in
Matlatb (The MathWorks). Briefly, the program im -
ported a 4 s audio clip centered on each marked
arrival time, applied a 4-pole low-pass Butterworth
filter at 250 Hz, and determined the maximum peak
sound pressure level in the clip. The signal-to-noise
ratio (SNR) of each airgun pulse was also computed
to verify that SNR was always at least 10 dB, ensuring
that low-frequency flow noise and engine noise did
not inflate the calculated received levels. The result-
ing received levels were compared with those pre-
dicted based on a simple spherical spreading approx-
imation of transmission loss (according to which
received level declines by 6 dB per doubling of
range) (Lurton & Leviandier 2010). All modeling
assumed far-field sound propagation, neglecting
near-field effects, since the near field extends less
than about 20 m from the source for the large, low-
frequency airgun array considered here (Le Gall et

al. 2010). Sound source level is 1 input to the spheri-
cal spreading model, but because airgun arrays are
directional sound sources, using the on-axis source
level would not give accurate results. The main beam
of sound produced by an airgun array is directed
toward the sea floor, and the nominal source level of
a given array is measured along the axis of that beam
(Pacault & Lurton 2010). Source levels are thus lower
at shallower launch angles, such as the near-
 horizontal angle between the array and the hull-
mounted hydrophones. A simple model that takes
into account airgun volume and airgun array geome-
try (DeRuiter et al. 2006) was used to predict off-axis
airgun source levels in the direction of the hydro -
phones and in the direction of a turtle at the surface
130 m from the array (the average range at which
 turtles were observed to dive). The spherical spread-
ing law was then applied to predict received levels at
the 3 hull-mounted hydrophones. Comparison of the
hydrophone data and the model predictions served
to validate the model, which was then applied to pro-
duce rough estimates of the near-surface received
levels to which turtles were exposed during the pre-
sent study.

RESULTS

Over 13 d of observations between 26 September
and 8 October, observers stood watch for 149.55 h.
Airguns were in operation at full power for 147.52 h,
in ramp-up twice for a total of 1 h and in shut-down
once (due to marine mammals sighted near the array)
for 1.03 h. Between 28 September and 6 October, dur-
ing a period of exceptionally calm seas and low winds
(Beaufort 0 to 1), 164 turtles were sighted (Fig. 1).
Ranges to initial sighting locations varied from 10s of
meters to nearly 2 km, and most turtle tracklines were
parallel to that of the ship; the median absolute value
of the slope of multiply-sighted turtle tracks was
0.14 m perpendicular to the track per meter along the
track, with no apparent port/starboard bias (Fig. 2).
This result is consistent with the observation that
98% of the turtles were basking motionless at the
 surface when initially sighted: in calm seas, the mo-
tion of a drifting turtle relative to a ship traveling at
5 knots will be predominantly parallel to the ship’s
track, and toward the stern. Because most of the
tracks that incorporated data from multiple sightings
were parallel to the ship’s track, we were confident
that little error was introduced by our assumption that
turtles sighted only once also traveled along tracks
parallel to that of the ship.
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Although some turtles were too distant to defini-
tively identify to species (33 turtles at ranges >500 m),
all were hard-shelled sea turtles. All 131 turtles
sighted at close range were identified as loggerheads
Caretta caretta, a determination that was later con-
firmed based on photographs of 12 individuals taken
in the field. We presume that the unidentified turtles
were probably also loggerheads, based on the fact
that all identified turtles were loggerheads. The tur-
tles were estimated to be about 0.3 to 1 m in carapace
length. Some turtles were sighted individually (that
is, there was only 1 turtle in view at the time the indi-
vidual was seen), but most were part of large clusters,
with several hundreds of between animals.

The initial behavior of all turtles was basking,
except for 3 individuals sighted swimming under -
water. Subsequently, some raised their heads (6), agi-
tated their flippers (7), produced air bubbles around
their heads (2), or dove. Of the 86 turtles whose dive
behavior was observed (they dove before passing be-
hind the airgun array, or were in view at the surface
until they had passed well behind the airgun array),
49 (57%) dove and 37 (43%) did not (Fig. 3). The me-
dian range from the center of the airgun array at the
time of diving was 130 m (range 50 to 839 m). At least
6 of the turtles that dove did so immediately following
an airgun shot, and their dives were accompanied by
what appeared to be a startle re sponse (sudden
raising of the head and splashing of flippers, several
times accompanied by blowing bubbles from the
beak and nostrils, culminating in a dive after no more
than 5 s). Because the relative timing of turtle dives
and airgun shots was not recorded for all diving tur-

tles, 6 is a minimum estimate of the number of animals
who showed this response to the airguns. The obser-
vation of even 6 such coincidences of dives and shots
is inconsistent with chance overlap of in dependent
events. The probability that 6 of 49 dives would be ini-
tiated within 0.5 s of an airgun shot is only 0.001, if air-
guns are fired every 19.4 s and dive timing is unre-
lated to the airgun shots (binomial probability density
function evaluated for the case of 49 trials, 6
successes, and probability of success = 0.5 s / 19.4 s).
This result indicates that the timing of the startle dives
was indeed related to the airgun shots, and the coinci-
dence of the dives and shots in time was not a chance
co-occurrence of unrelated events.

A binomial regression relating turtle dive probabil-
ity to minimum turtle−airgun distance along the tur-
tles’ tracklines indicated that turtles were more likely
to dive when their trackline passed closer to the air-
gun array (Fig. 4; binomial regression with log link,
intercept = −0.25, parameter = −0.0020, p = 0.020
[analysis of deviance/Chi2 test for significance of
range term]). As explained in ‘Materials and meth-
ods’, this regression analysis included only turtles
never sighted at positions within 20° of the ship’s
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Fig. 3. Stacked histogram of turtle diving behavior (n = 164)
as a function of minimum range from the center of the air

gun array, along the predicted turtle trackline

Fig. 4. Field data (in 100 m bins) and fitted binomial regres-
sion model for dive probability as a function of minimum
range from the airgun array along the turtle trackline (log
link function: model intercept = −0.25, parameter = −0.0020,
p = 0.020, analysis of deviance/Chi2 test for significance of
range term). The number beside each field data point indi-
cates the number of observations (n) in that range bin. Grey
numbers above x-axis are estimated received airgun sound
levels (in dB re 1 µPa peak) at each range, predicted by a 

spherical spreading law model (see Fig. 5)
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heading, to avoid biasing results by including data
on turtles that might have dived in response to the
ship’s presence. A separate, similar analysis of the
data from turtles sighted at positions within 20° of the
ship’s heading was inconclusive and results were
not statistically significant (p = 0.15, analysis of
deviance/ Chi2 test for significance of range term;
probably due to small sample size of 10 turtles).

Received levels of airgun pulses recorded on the
hull-mounted hydrophones ranged from 193 to
197 dB re 1 µPa (peak) at 72 m range and from 190 to
193 dB re 1 µPa (peak) at 94 m range (Fig. 5). The off-
axis source level of the airgun array in the direction
of the hull-mounted hydrophones was predicted to
be 231 dB re 1 µPa, while the off-axis source level in
the direction of a turtle at the surface 130 m in front
of the array was 233 dB re 1 µPa. Using the off-axis
source level of 231 dB, a simple spherical spreading
law was able to accurately predict the received levels
at the hull-mounted hydrophones (Fig. 5). Therefore,
the model was applied (using the off-axis source
level of 233 dB) to produce estimates of the received
levels experienced by turtles observed at the sea sur-
face (Fig. 4). According to this model, the received
airgun sound level would be about 191 dB re 1 µPa
(peak) for a turtle 130 m from the array (the median
distance at which turtles dove).

DISCUSSION

The observations reported here document a behav-
ioral response of loggerhead turtles Caretta caretta
to airgun array sounds. The turtles interrupted bask-
ing behavior and dove in response to the sound. The
observed dives occurred at relatively close ranges
(median: 130 m, maximum: 839 m) and thus rela-
tively high exposure levels (estimated to be about
191 dB re 1 µPa [peak] at 130 m and 175 dB at 839 m).
Turtle dive probability declined with in creasing
 minimum range to the array along the turtle’s track-
line. This type of dive reaction could have negative
fitness consequences for individual turtles if it inter-
fered with thermoregulation, caused inhabitual ener -
gy expenditures, or otherwise excluded turtles from
optimal habitat. Alterations of turtle behavior may
also raise animal welfare concerns related to sound
ex posure, as individual quality of life could be re -
duced by the changes. These data on turtle re -
sponses to airguns should be considered during the
development of regulations designed to protect
marine animals from anthropogenic sounds.

Although thresholds for marine mammal behav-
ioral responses to impulsive sounds like airgun
pulses are still not clearly understood, they have
often been observed to respond at lower received
levels (110 to 180 dB root mean square) than did the
turtles in our study (Southall et al. 2007). The lower
sensitivity of turtles is not particularly surprising,
because their hearing is much less acute than that of
most marine mammals (DeRuiter 2010).

The modeled received levels of airgun sounds by
turtles presented here should be considered rough
estimates, since the spherical spreading model used
to predict levels was validated using data from only 3
hydrophones, which were closely spaced. Record-
ings from receivers at additional ranges would be
required to better resolve received level patterns and
assess model accuracy, but the estimated received
levels presented here should be accurate at least at
distances close to the source-hydrophone ranges
(72 to 94 m).

An obvious criticism of our study is to point out that
it lacks proper controls, since we were unable to
observe turtle behavior when airguns were not fir-
ing. Because the observations were collected during
a geophysical research project, turtle observers did
not have control over airgun operation times, and
there was simply no opportunity to collect such con-
trol data. However, the location and timing of dive
responses suggest the turtles were responding to the
airgun sounds, and not some other cue. Dive proba-
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bility was higher for turtles whose tracks passed
closer to the airgun array. An aversive response to
the presence of the ship is one possible explanation
for this relationship, but our results suggest that air-
gun sounds played a major role. To avoid mistaking
turtle dives in response to vessel presence for dives
in response to the airguns, we excluded from our sta-
tistical analysis data from all turtles sighted within
20° of the ship’s heading, and thus likely to pass close
to the ship’s bow and possibly dive in response to
the ship. We still found a significant relationship
between dive probability and distance from the
array, and other observations also support the con-
clusion that turtles responded to the airgun sounds.
According to observer notes on turtle behavior, only
3 turtles dove in apparent response to the proximity
of the ship, while 6 displayed a startle response and
then dove immediately following airgun array shots,
all 6 at ranges of >100 m from the ship’s hull. The
coincidence in the timing of the sounds and the
responses shows that the reactions were, indeed,
related to the airgun sound exposure and were not
simply a reaction to the vessel or the physical pres-
ence of the array at the surface.

Our results contrast with those of Weir (2007), who
observed the behavior of 240 sea turtles of at least 3
species during airgun surveys off Angola. The careful
analysis by Weir (2007) did not detect a behavioral re-
sponse of the turtles to the airgun sounds: about 80%
of turtles remained at the surface without being ob-
served to dive, and no statistical analysis was done to
assess the relationship between dive behavior and
range to the sound source. In our study, at least 7% of
turtles dove immediately after an airgun shot, when
they were relatively far from the ship and seismic gear
(100 m or more); in Weir’s study (2007), almost all tur-
tles that dove did so in response to the close proximity
(~10 m) of the vessel or surface floats  associated with
the airgun array. The discrepancy between the 2 stud-
ies suggests that turtle responses to airguns may vary
by species (most turtles identified to species in Weir’s
study [2007] were olive Ridley turtles Lepidochelys
olivacea), location, life- history stage, or behavioral
state. However, it should be noted that the majority of
the Angolan turtles were basking when they were
first sighted, as were the turtles observed in our study.
Variation in airgun source levels or exposure levels
between the 2 studies might also explain some dis-
crepancy in the re sults; although the reported source
levels are similar in the 2 cases, Weir (2007) did not
measure any received levels. Finally, analysis method-
ology was quite different between the 2 studies (Weir
2007 and the present analysis).

Prolonged basking behavior, particularly by aggre-
gations of sea turtles, has been reported quite rarely,
with instances in Angola and in the Mediterranean
Sea (Weir 2007, M. White pers. comm.). Data from
satellite-tagged turtles seem to indicate that such
surface behavior could be quite common, although
surface durations are rarely reported and the tag
data tracks relatively few individual animals. For
example, 5 juvenile loggerheads tagged in the west-
ern Mediterranean Sea spent about 35% of their time
at the surface, with the smallest individual spending
even more time at the surface (Cardona et al. 2005).
Satellite telemetry from 2 loggerhead turtles in the
central North Pacific indicated that the turtles spent
60% of daylight hours and 40% of their time overall
at the surface, double the value for 2 olive Ridley tur-
tles tagged in the same study (Polovina et al. 2004,
2003). Two female loggerheads tagged in Japan
spent 13 and 22% of their time at the surface
(Hatase et al. 2007). In the Gulf of Mexico, however,
4 tagged loggerhead turtles spent 90 to 95% of their
time underwater, and only rarely stayed at the
 surface for more than even 2 to 3 min (Renaud &
 Carpenter 1994).

During the present study, we were able to take
advantage of a rarely witnessed phenomenon — a
surface aggregation of loggerhead turtles basking in
calm seas — to observe turtle responses to airgun
array sounds. Based on our finding that the turtles
alter their behavior in response to airguns, at least
under some conditions, we recommend that turtles
be considered more carefully in environmental im -
pact statements and regulations related to airgun
array operations. At present, most such documents
focus on marine mammals (Castellote 2007, Weir &
Dolman 2007, Compton et al. 2008). To our knowl-
edge, only Brazil and Canada currently stipulate that
airgun operation must stop if turtles are sighted near
the array (Fisheries and Oceans Canada 2005,
IBAMA 2005). However, UK regulations now recom-
mend protection for turtles in areas where they
occur, United States guidelines for the Gulf of Mexico
mention turtles, and measures requiring shut-down
of airguns due to turtle proximity may sometimes be
adopted voluntarily by airgun operators (MMS 2007,
JNCC 2010). Effective at-sea mitigation of potential
impacts of airguns on turtles is very challenging,
since turtles are difficult to spot unless conditions
are calm, and they cannot be detected by passive
acoustic monitoring. Minimizing survey activity in
areas important to turtles may be a more effective
option, at least in places where turtle spatio-temporal
distribution is known. Even though development of



Endang Species Res 16: 55–63, 2012

effective mitigation measures is likely to be very
challenging, added consideration of turtles in noise
pollution regulations is especially warranted consid-
ering the endangered or threatened status of most
sea turtle populations.
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