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1.  INTRODUCTION

Coastal waters, defined here as the waters be -
tween the coastline and the edge of the continental
shelf, are highly productive regions within the global

ocean that support complex marine ecosystems (Ray
1988, Sherman 1994). A large proportion of the
human population lives along the coastline and relies
heavily on coastal waters for a diversity of activities,
which makes coastal marine ecosystems particularly
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ABSTRACT: The ever-increasing human demand for fossil fuels has resulted in the expansion of
oil exploration efforts to waters over the continental shelf. These waters are largely utilized by a
complex biological community. Large baleen whales, in particular, utilize continental shelf waters
as breeding and calving grounds, foraging grounds, and also as migration corridors. We devel-
oped a dynamic approach to estimate the likelihood that individuals from different populations of
blue whales Balaenoptera musculus and humpback whales Megaptera novaeangliae could be
exposed to idealized, simulated seismic surveys as they move over the continental shelf. Animal
tracking data for the different populations were filtered, and behaviors (transit and foraging) were
inferred from the tracks using hidden Markov models. We simulated a range of conditions of expo-
sure by having the source of noise affecting a circular area of different radii (5, 25, 50 and 100 km),
moving along a gridded transect of 270 and 2500 km2 at a constant speed of 9 km h−1, and starting
the simulated surveys every week of the year. Our approach allowed us to identify the temporal
variability in the susceptibility of the different populations under study, as we ran the simulations
for an entire year, allowing us to identify periods when the surveys would have an intensified
effect on whales. Our results highlight the importance of understanding the behavior and ecology
of individuals in a site-specific context when considering the likelihood of exposure to anthropo-
genic disturbances, as the habitat utilization patterns of each population are highly variable.
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vulnerable to anthropogenic pressures (Costanza
1999), including pollution, overfishing, anthro po -
genic noise and many others (Jackson 2001, Halpern
et al. 2008, 2015).

The high demand for fossil fuel (oil and natural
gas), along with the rapid technological advances in
their exploration and extraction, has created a press-
ing need to assess the consequences that these activ-
ities have on marine ecosystems, particularly in the
continental shelf region (but see Merrie et al. 2014).
Seismic surveys, an important tool for locating under-
water petroleum deposits, are sources of high-inten-
sity, potentially far-reaching, low-frequency noise in
the ocean (Nowacek et al. 2015, Harwood et al.
2016). Furthermore, these activities have expanded
into higher latitudes as polar sea ice retreats. An
understanding of whether and how marine seismic
surveys affect different levels of biological organiza-
tion, from individuals to ecosystems, is therefore war-
ranted (Nowacek et al. 2015).

Much of the research on the effects of human-
generated noise on aquatic organisms has focused on
marine mammals (National Research 2003, Madsen
2005), as they have the most sensitive hearing and the
broadest hearing range, and because they directly
overlap a number of sound-generating activities such
as navy sonar, shipping and seismic surveys. Marine
mammals are also protected under the legislations of
several countries. To that end, a series of working
groups developed a conceptual framework (popula-
tion consequences of disturbance [PCoD] model) to
address how human-caused disturbances in marine
mammals (acute or chronic) link to changes in pop -
ulation growth (Fig. S1 in the Supplement at www.
int-res. com/ articles/ suppl/  n042 p185 _ supp. pdf) (Na-
tional Research Council 2005, New et al. 2013, 2014,
Harwood et al. 2016, National Academies of Sciences,
Engineering, and Medicine 2017, Pirotta et al. 2018).

Ongoing efforts continue to improve our under-
standing of the model’s transfer functions (mecha-
nisms connecting exposure to a disturbance to
changes in behavior, life function, vital rates and
population dynamics; see National Research Council
2005, New et al. 2013), particularly with respect to
the effects of lost foraging time as a result of distur-
bance (Goldbogen et al. 2013, King et al. 2015, Fried-
laender et al. 2016). The most recent iteration of the
framework (population consequences of multiple
stressors [PCoMS] model) includes the likelihood of
exposure as an important early step. The aforemen-
tioned probability, however, has traditionally been
estimated employing a static approach using sources
of disturbance fixed both in space and time (e.g.

Maxwell et al. 2013, Costa et al. 2016b, Ellison et al.
2016). Al though informative, those approaches
ignore the dynamic nature of an animal’s behavioral
and movement patterns (i.e. animals are not persist-
ently occupying their entire range), as well as spa-
tially and temporally dynamic sources of disturbance
(e.g. military operations or seismic surveys). A more
thorough understanding of exposure can be obtained
by using an approach that incorporates animal move-
ment and a dynamic source of disturbance (Costa et
al. 2016a, Ellison et al. 2016).

Rorquals (family Balaenopteridae), which include
the largest species of animals ever to have lived on the
planet, inhabit all oceans of the world, typically breed
in low latitudes and migrate to coastal highly produc-
tive, mid- and high-latitude regions to forage. Rorqual
populations were severely depleted by human har-
vesting, but with the end of whaling during the second
half of the 20th century, many populations are now re-
covering (Clapham et al. 1999, Thomas et al. 2016).

Some rorquals use the continental shelf waters for
both migration and foraging, and are thus likely to
come into conflict with human activities, particularly
as a result of exposure to sources of intense, mid- to
low-frequency noise (Southall et al. 2012). Further-
more, ocean noise is particularly relevant to rorquals
as they rely heavily on sound for important aspects of
their biology (Harwood 2001, Van der Hoop et al.
2013, Nowacek et al. 2015, Thomas et al. 2016). In-
deed, an important effort has been directed to wards
enhancing our understanding of how noise ex posure
elicits changes in the behavior of individuals (behav-
ioral response studies) (Southall et al. 2012, 2016,
Goldbogen et al. 2013, Friedlaender et al. 2016).

Because of their large size, high energetic de -
mands and life histories, rorquals range over broad,
basin-wide areas, and thus the likelihood of their
exposure to a disturbance will vary in both space and
time. In this study, we used animal movement data
collected from different populations of blue (Bala eno -
ptera musculus) and humpback whales (Mega ptera
nova engliae) across the globe to estimate whether
and for how long individuals from a population
would be exposed to a series of simulated, idealized
seismic surveys, assuming the exposure does not
elicit any behavioral modifications. Our model pro-
vides a data-derived empirical view of how a moving
source of disturbance could impact individuals as
they move throughout their environment, which
allows us to describe the spatial and temporal vari-
ability in the potential impacts of seismic surveys at
the individual (behavioral state) level as well as the
proportion of individuals affected.
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2.  MATERIALS AND METHODS

2.1.  Animal movement data

We compiled movement data for blue and hump-
back whales from 8 areas of the world, represent-
ing 2 and 6 distinct populations of blue and hump-
back whales, respectively (Table 1, Fig. 1). Some
of these data sets have been analyzed and pub-
lished elsewhere (Zerbini et al. 2006, 2011, Bailey
et al. 2009, de Castro et al. 2014, Irvine et al. 2014,
Kennedy et al. 2014, Weinstein et al. 2018). These

areas were chosen based on the availability of ani-
mal tracking data, rather than their likelihood of
being subject to actual surveys, as the purpose of
this initial modeling exercise was to incorporate a
dynamic approach and apply it to species of differ-
ent behavior, rather than to address the potential
of exposure in specific areas. In this study, we
define exposure as the overlap, in space and time,
between the location of a particular individual
and a circle of determined radius representing the
area affected by the simulated seismic survey (see
Fig. 2 and Section 2.2).

187

Species                             Site                                                       N               Days            Time over shelf      % HR         % LR
                                                                                                                   transmitting           waters (%)

Blue whale                       California Current                             104             6−504                     20.3                  83.6            16.4
                                         Western Australia                               10              7−179                      9.7                   76.5            23.5
Humpback whale            Bering Sea                                           8                9−94                      66.2                  56.9            43.1
                                         California Current                              12              3−122                     51.1                  31.2            68.8
                                         Antarctic Peninsula                           24a              5−210                     77.3                  89.3            10.7
                                         Gulf of Maine                                     55              2−112                     96.7                  68.9            31.1
                                         Southwest Atlantic                             12              8−284                     14.2                  84.6            15.4
                                         Eastern Australia                                30              3−154                     23.6                  65.8            34.2

aData limited to 500 km from the break of Antarctic continental shelf

Table 1. Movement data summaries for blue and humpback whale tracking data sets included in the study. HR: high residence 
behavior; LR: low residence behavior

Humpback whale

Blue whale
25000 5000 10 000 km
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Fig. 1. Individual tracks of blue whales (yellow) and humpback whales (purple) included in this study. The numbers on the map
correspond to the different regions. Blue whale tracking data sets were collected in the California Current (1: CalCur, n = 104) and
Western Australia (2: WesAus, n = 10). Humpback whale tracking data sets were collected in the Bering Sea (3: BerSea, n = 8),
California Current (1: CalCur, n = 12), Antarctic Peninsula (4: AntPen, n = 24), Gulf of Maine (5: GulMai, n = 55), Southwest 

Atlantic (6: SouAtl, n = 12) and Eastern Australia (7: EasAus, n = 30)
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Animal tracking data were collected and transmit-
ted using the Argos satellite system (Toulousse,
France). All raw tracking data were analyzed in R
3.1 (R Development Core Team 2019). First, data
were pre-processed using a speed filter to remove
evident erroneous positions (McConnell et al. 1992)
and later processed with a continuous-time corre-
lated random walk model (crawl R package) (John-
son et al. 2008) to render realistic estimates of ani-
mal movement at regular time intervals that varied
by data set based on the quality of the data sets and
data gaps. As the tracking data were collected over
many different years and our goal was to build sim-
ulations for a period of 1 yr, all tracks were stan-
dardized to a common single year by converting to
calendar day (1−365 d). As diving depth data were
not available and to avoid the complications associ-
ated with modeling noise propagation in 3 dimen-
sions (see Section 2.2), we did not consider depth in
our modeling approach.

Given that the PCoD/PCoMs model focuses on
changes in time−energy budget with respect to lost
foraging time, it was necessary to infer behavioral
states from the animal movement data. This was
done by processing the crawl-processed tracking
data through hidden Markov models (HMMs) to de -
fine behaviors (high residency, HR, or low residency,
LR) using the package momentuHMM in R (McClin-
tock et al. 2018). The HR behavior was characterized
as sections of the tracks where animals displayed a
slow transit rate and high turning rate (high tortuos-
ity), remaining in a particular area for a prolonged
amount of time (i.e. foraging or breeding, depending
on the area). LR behavior, in contrast, was character-
ized as sections of the track where animals swam
faster and with a clear directionality.

2.2.  Simulations of seismic surveys

Given the variability in the spectrum of transect
sizes and conformation of seismic surveys, we opted
to define 2 types of idealized survey transect: (1) 3D
survey: 85 parallel transect lines of 50 km in length,
spaced every 600 m; and (2) 4D survey: 100 parallel
transect lines of 20 km in length, spaced every 200 m
(Fig. 2). These surveys are based on the general char-
acteristics of a ‘typical seismic survey’ and capture
the basic movement patterns of seismic vessels, mak-
ing them a realistic generic approximation of the
potential of exposure. Real seismic exploration 3D
surveys acquire data on a 3D grid, allowing horizon-
tal projections in directions other than along the tran-

sects, whereas 4D surveys can acquire the same data
as 3D surveys adding the time dimension, shooting
the same grid at regular intervals, allowing the gen-
eration of time series. For each population included
in the study, we randomly placed 100 surveys of each
type over the continental shelf waters that were uti-
lized by the whales (as identified from kernel home
range analysis).

Due to the inherent complexity of sound propaga-
tion for different ocean basins and continental mar-
gins, and the need to come up with general patterns
that could be applied to a variety of environments,
we chose to simulate the area of exposure as a hori-
zontal circle of different radii (5, 25, 50 and 100 km),
as these radii encompass the most reasonable range
of distances that could elicit a behavioral response by
animals to seismic surveys (Nowacek et al. 2015)
(Fig. 2). These simulated sources moved along the
grid at a constant speed of 9 km h−1 (ca. 4.5 − 5 knots),
accounting for a lag of 3 h when switching survey
lines when no sound emissions were active. To incor-
porate the temporal variability in the tracking data
and movement patterns of the individuals, we set the
first day of every week of the year (i.e. 52) as the start
time for every combination of survey and radius.
Therefore, for each population, we had a total of 100
surveys × 2 survey types × 4 radii of exposure × 52 wk,
totaling 41 600 simulations.

Finally, all animal movement data were interpo-
lated at a regular time interval (1 h) and the spatial
overlap between the area of influence of the simu-
lated survey and the animals’ location was calcu-
lated. From this overlap, we were able to calculate
the proportion of the tagged individuals exposed, the
total time each individual was exposed, and the
amount of exposure time for each behavior.

Each one of these variables was estimated for
standardized periods of 1 wk, obtaining (1) the pro-
portion of the tagged individuals under exposure
per week; (2) the number of animal hours of expo-
sure per week (maximum 168 h); (3) the number of
animal exposure hours in LR behavioral state per
week (maximum 168 h); and (4) the number of ani-
mal ex posure hours in HR behavioral state per
week (maximum 168 h).

3.  RESULTS

We ran a total of 41 600 possible combinations of
surveys (4D and 3D) and radii of exposure (5, 25, 50
and 100 km) for 2 populations of blue whales and 6
populations of humpback whales.
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Fig. 2. Simulation approach used to estimate the probability and duration of exposure to seismic surveys across different
populations of blue (N = 2) and humpback whales (N = 6). In Step 3, red lines show transects and yellow ovals show expo-
sure radii. In Step 4,  sigma corresponds to the sum of time across individuals; the colors refer to exposure intensity or the 

mean individual time under exposure (see Fig. 5), with warmer colors indicating longer exposures
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3.1.  Movement patterns

There were clear differences in the patterns of
movement and habitat utilization among populations.
As reported previously, blue whales (California Cur-
rent and Western Australia) spent the majority of their
time off the continental shelf (Fig. 1 and Table 1) (Bai-
ley et al. 2009, Double et al. 2014, Irvine et al. 2014).
However, the time spent on the continental shelf was
predominantly identified as HR behavior, likely indi-
cating that they were foraging in those waters.

While most of the humpback whales were tagged
on their foraging grounds (Bering Sea, California Cur-
rent, Antarctic Peninsula, and the Gulf of Maine),
individuals from 2 populations (Southwest Atlantic
and Eastern Australia) were tagged at their low-lati-
tude breeding grounds or along their transit towards
their high-latitude foraging grounds (Table 1, Fig. 1).
As expected, individuals migrating across ocean
basins spent the least amount of the time over con -
tinental shelves (14.2 and 23.6% for individuals from
the Southwest Atlantic and Eastern Australian popu-
lations, respectively; Table 1). The remaining hump-
back whale populations ex hibited a pattern that was
largely associated with waters over continental shelves,
or close to the continental shelf break (e.g. California
Current) (Fig. 1). Tracking data for some individuals
tagged in the Antarctic Peninsula were su#ciently
long to record their migration to breeding grounds in
the Eastern Equatorial Pacific. For this population, we
restricted the analysis to areas within 500 km of the
edge of the Antarctic continental shelf.

3.2.  Behavioral states

The behavioral categorization using HMMs
showed similarity in the movements within species.
Most data sets presented a clear distinction between
the 2 defined behaviors (HR and LR), although blue
whales off the California Current system departed
from this binary definition of behaviors and showed
instead a more complex scenario, with more plausi-
ble solutions of the HMMs distinguishing at least 3
behaviors (not shown here). Yet, since our aim was to
compare across the different populations rather than
analyze the movement and behavioral patterns of
each population, we opted to use the 2-behavioral
states output for consistency across the study sites.

With the exception of humpback whales in the Cal-
ifornia Current, all whales spent the majority of their
time over continental shelf waters engaged in HR
behavior (56.9−89.3%) (Table 1).

3.3.  Simulated exposures

The number of randomly placed surveys that im -
plied exposure to the different populations of whales
varied widely across populations, with a minimum of
ten 4D surveys with a radius of 5 km for the blue
whales from Western Australia, and a maximum of
100 3D surveys with a radius of 100 km for the hump-
back whales tagged in the Bering Sea.

3.4.  Proportion of individuals experiencing
 exposure

The proportion of the tagged individuals that over-
lapped with seismic surveys varied widely across the
species and sites. Irrespective of the survey type or
the radius of influence, the probability of exposure for
blue whales in the California Current and humpback
whales off both the Antarctic Peninsula and Eastern
Australia was consistently low (75th percentile <
0.13). In contrast, humpback whales from the Bering
Sea consistently exhibited the highest proportion of
tracks overlapping with seismic surveys (25th per-
centile = 0.31, 75th percentile = 0.81), followed by
humpback whales in the California Current (Fig. 3).

Despite the differences in the area and duration of
exposure between 4D and 3D surveys, the proportion
of tagged individuals that were affected did not differ
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Fig. 3. Proportion of the tagged individuals of blue whales
(yellow) and humpback whales (purple) exposed to simu-
lated seismic survey per site (for site abbreviations, see Fig. 1
legend). Data for all combinations of survey design (4D and
3D) and radii of influence (5, 25, 50 and 100 km) were pooled
together. The white line represents the median. The edges of
the boxes represent the 25th and 75th percentiles, and the 

lines represent the 5th and 95th percentiles
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greatly between the survey designs (Fig. 4). There
were, however, differences in the effect of increasing
radii of influence across sites. For instance, the
median probability of exposure for humpback
whales from Eastern Australia with 3D surveys only
in creased from 0.02 to 0.09 for a 5 and 100 km radius,

respectively. In contrast, the same
increase in the radius of exposure for
humpback whales from the Bering
Sea resulted in an increase in the
median probability from 0.22 to 0.71
(Fig. 4).

3.5.  Individual time and behavior
under exposure

We calculated the mean individual
duration (h wk−1) of the simulated expo-
sure affecting each be havioral state
(HR or LR), an indicator of the worst-
case possible scenario as we assumed
that whales do not leave the affected
area (Table 2). When all possible com-
binations of surveys and radii are in-
cluded in the analysis, blue whales
from Western Australia had the short-
est mean individual exposure to the
simulated seismic surveys (median =
11.71 h wk−1), followed by humpback
whales off Eastern Australia (median =
22.33 h wk−1) and humpback whales
from the South Atlantic (median =
22.50 h wk−1). Surprisingly, increasing
the radius of influence to 25 km im-

plied, across all data sets, a dramatic rise in the mean
individual time animals were exposed for both behav-
iors (HR and LR) when compared to a 5-km radius,
even for areas whose tracks indicated low ex posure
proportions (Table 2). For instance, humpback whales
from the South Atlantic went from being exposed
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                                                                    4D                                                                     3D
                                    5 km 25 km 50 km 100 km   5 km 25 km 50 km 100 km

Blue whale
California Current              42     37     82     82     82     82     82     82           37     34     122   117   126   125   126   126
Western Australia                5       5       15     15     48     33     89     68           6       6       62     54     112     94     124   124

Humpback whale
Bering Sea                           43     25     91     55     92     74     92     81           27     17     124     78     126     93     126   112
California Current              30     11     82     49     83     71     83     81           22       8     118     60     126     97     126   126
Antarctic Peninsula            18     18     90     90     92     92     93     93           26     23     121   113   126   125   126   125
Gulf of Maine                     60     48     98     94     98     95     98     94           76     61     126   108   126   123   126   123
South Atlantic                     12     12     76     76     92     92     92     92           17     16     117   117   125   125   126   126
Eastern Australia                23     23     89     88     89     89     91     90           15     12     110     99     124   120   126   124

Table 2. Maximum number of hours of individual exposure to simulated seismic surveys (4D and 3D) across the range of blue
and humpback whales. The radii of exposure considered were 5, 25, 50 and 100 km. Grey cells indicate high residence (HR) 

behavior. White cells indicate low residence (LR) behavior
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Fig. 4. Proportion of the tagged individuals of blue whales (yellow) and hump-
back whales (purple) exposed to simulated seismic survey per site (for site ab-
breviations, see Fig. 1 legend), survey and radius of influence. The white line
represents the median. The numbers beside the bars (shown for CalCur) cor-
respond to the different radii of influence used in the simulations. The edges of
the boxes represent the 25th and 75th percentiles, and the lines represent the 

5th and 95th percentiles
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12 h wk−1 in HR behavior under a 5-km 4D survey to
76 h wk−1 in HR behavior under a 25-km 4D survey
(Table 2). The magnitude of these increases is similar
for all data sets.

3.6.  Cumulative exposure

To better assess the effect of simulated exposure to
seismic surveys, we can evaluate the relationship
between the proportion of tagged individuals and
mean individual time under exposure under every
possible combination of survey design and radii of in -
fluence (Fig. 2). We observed 2 general patterns that
are more easily described using the most ex treme
cases for each: blue whales in the California Current
and humpback whales from the Bering Sea (Fig. 4).
We did not find a relationship be tween the propor-
tion of individuals exposed and the mean individual
time that animals were exposed. Instead, across the
different radii, we saw very high proportions  of indi-
viduals under exposure and rather short exposures,
whereas the longest exposures (>60 h wk−1) corre-
spond to proportions in the 0.3−0.6 range (Figs. 4 &
5). Blue whales from the California Current, in con-
trast, did not generally show an increase in the pro-
portion of tagged individuals exposed beyond 0.4,
regardless of the survey design, and increasing the
radii or the area affected (4D versus 3D) did increase
the mean individual exposure time but not the pro-
portion of individuals affected (Figs. 4 & 5).

3.7.  Spatio-temporal patterns of disturbance

By using a dynamic approach to estimate the prob-
ability of exposure to a disturbance under several
scenarios, we can illustrate the spatial and temporal
variability of exposure probability, and can then de -
termine areas and times of enhanced susceptibility to
impacts from hypothetical seismic surveys for differ-
ent populations. For instance, our simulations indi-
cated that, regardless of the radius of influence,
humpback whales from Eastern Australia were con-
sistently exposed to the simulated seismic surveys for
the shortest amount of time across all sites (Fig. 5),
and this held true regardless of when in the year the
survey took place. On the other hand, there is a sev-
eral week period during which humpback whales
from the Gulf of Maine were exposed for prolonged
periods (Fig. 5).

Finally, given the spatially explicit nature of our
approach, it would be possible to determine areas

of higher susceptibility to disturbances across the
range of a given population (Fig. S2). Humpback
whales from the Bering Sea had no clear spatial
pattern of susceptibility across their range, both in
terms of probability of exposure as well as time
(and time in HR behavior) under exposure (Fig. S2).
Blue whales from the California Current, in con-
trast, clearly present a heterogeneous spatial pat-
tern, with areas where the susceptibility to seismic
surveys increases either in terms of probability of
exposure, mean individual time of exposure, or
both (Fig. S2).

4.  DISCUSSION

Underwater noise can have deleterious effects on
many marine animals, an issue of particular relevance
to marine mammals due, among other things, to their
reliance on acoustics to communicate among con-
specifics, locate food and navigate (Myrberg 1990,
National Research Council 2003, 2005, Erbe 2012,
Nowacek et al. 2015, Costa et al. 2016a, Ellison et al.
2016). Regardless of the consequences that exposure
to seismic surveys might have on large whales (e.g.
behavioral, and physiological responses), key compo-
nents of understanding the effects of anthropogenic
activities on these populations are realistic estimates
of the encounter rate and interaction duration.

The PCoD/PCoMS framework provides an ap -
proach to describe how (acoustic) disturbances might
affect marine mammals (National Research Council
2003, New et al. 2013, King et al. 2015, Costa et al.
2016a, Harwood et al. 2016), and although significant
contributions have been made to define the transfer
functions and parameters of the PCoD/PCoMS
model, the spatial and temporal overlap between dis-
turbance and animals (i.e. potential of exposure) has
remained less explored (Costa et al. 2016a, Ellison et
al. 2016). Our study provides a general assessment of
the likelihood or probability of blue and humpback
whales being exposed to a seismic survey in their
habitat on the continental shelf, and of how that like-
lihood varies depending on both the behavior of the
species and the radius of influence that may elicit a
response. Furthermore, as we empirically estimate
behavioral states from the tracking data to calculate
the likelihood of exposure, we demonstrate that even
in areas of lower time spent by the whales (i.e. LR
behavior), seismic surveys have the potential to
impact individual whales for periods similar to those
seen in areas of higher usage (i.e. HR behavior).
While the impacts of the exposure under different
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behaviors are yet to be determined, it is evident that
we need to consider the effects of disturbances
beyond the traditional view that has focused on high
usage areas (Costa et al. 2016a, Ellison et al. 2016,
Guerrini et al. 2019).

A fully implemented seismic survey usually oper-
ates an array of air guns that produce noise every
1−15 s, at a source spectral level that ranges between
1 and 100 Hz of about 205−255 dB re. 1 µPa at 1 m
(Myrberg 1990, Nowacek et al. 2015). Regardless of
the dimensions of the survey (4D or 3D for this study,
see Section 2), the source of noise can affect an area
during a period of weeks. Thus, the temporal and
spatial scales of such sources of disturbance match
the scale over which a wide diversity of large and
medium-sized marine vertebrates operate. In this
study, we take an alternative approach and depart
from studies that focus on highly resident species of
restricted range, such as harbor porpoises Phocoena
phocoena and harbor seals Phoca vitulina (Myrberg
1990, Harwood 2001, Bain & Williams 2006, Tougaard
et al. 2009), and instead estimate the exposure risk for
several populations of 2 species of large migratory
whales.

Both blue and humpback whales have a well-
known annual life history, breeding in low latitudes
and then migrating to mid- and high-latitude highly
productive coastal areas to forage, which will influ-
ence their potential exposure to disturbance (Costa
et al. 2016a). Despite the differences in their move-
ment patterns, we found that, when affected, most
individuals in our study had probabilities of exposure
that ranged between 0.02 and 0.32, depending on
the population in question (Tables 1 and 2, Figs. 3, 4
and 6). Humpback whales from the Bering Sea,
where the data only included movements at foraging
grounds, were the exception, having the most con-
strained distribution across data sets and exposure
probabilities that clustered in the 0.31 and 0.81 range
(25th and 75th quartiles) (Fig. 3).

Several studies have suggested that seismic survey
air gun noise does not elicit a behavioral response
from large baleen whales (e.g. cause them to leave
the area) unless individuals are within 15−20 km of
the source (Myrberg 1990, McDonald et al. 1995, Mc-
Cauley et al. 2000), although their acoustic be havior
is likely affected at longer distances (Di Iorio & Clark
2009, Cerchio et al. 2014). By using empirical tracks
of individuals along with realistic seismic survey sce-
narios, our methods provide the next step in realisti-
cally determining the overlap be tween surveys and
several whale populations. However, our methods
only provide an estimate for the maximum amount of

exposure since we did not account for animals mov-
ing away from the sound source. Future efforts could
increase complexity by integrating sound source−
animal overlap with dose−  response curves (probabil-
ity of moving away from a sound and the distance
traveled) to determine actual lost foraging time
(Table 2). Across the different data sets used in this
study, blue whales from western Australia were
unique in their relatively low duration of exposure to
seismic surveys, if we consider radii of influence of 5
and 25 km (Table 2). Perhaps more interestingly,
however, is the fact that for all other populations, a
radius of 25 km was enough to expose individual
whales at a near-maximum duration (126 h), with
only a marginal increase in the maximum duration of
the exposure if the radius is increased to 50 or 100 km
(Table 2).

To better visualize the potential effect of seismic
surveys on the different populations of whales, we
analyzed the relationship between time spent in HR
under exposure versus the probability of the popula-
tion being affected by the different surveys (Fig. 6).
The area and shape of the minimum convex polygons
(MCPs) for these plots can be used as an indicator of
the potential impact for each population.

At one end of the spectrum, blue whales from west-
ern Australia showed a clear effect of the survey de-
sign and radius of influence on the impact of the sur-
veys. As the radius increases, so does the potential
effect of the survey, and 3D surveys (the largest)
caused longer maximum exposures to the seismic
surveys (Fig. 6C,D). At the other end of the spectrum,
highly restricted humpback whales from the Bering
Sea showed MCPs elongated along the y-axis (pro-
portion of tagged individuals disturbed), indicating
that even small radii (5 and 25 km) have the
possibility to affect most of the population (>0.6)
(Fig. 6E,F). Indeed, 100% of the Bering Sea whales
could be exposed for as long as 50 h (Fig. 6F). Inter-
estingly, humpback whales off the Gulf of Maine, the
second most restricted in terms of their movement
patterns, only had an elevated potential of exposure
to seismic surveys for the largest radii (50 and
100 km) (Fig. 6K,L). The differences among the dif-
ferent data sets included in our study are likely asso-
ciated with a combination of factors, from the spatial
spread in the surveys due to the different extension of
the continental shelf habitat utilized by each popula-
tion, to differences in the behavior of individuals
among populations. For instance, humpback whales
in the Bering Sea had one of the smallest home
ranges across data sets and yet most individuals dis-
played similar patterns of habitat utilization, which
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likely drove the elevated impacts observed for this
data set. Additionally, differences in sample size can
also influence these results.

To assess the effects of anthropogenic noise on
marine animals, it is necessary to have information
available at the appropriate time and spatial scales
(Myr berg 1990). Consequently, the PCoD/PCoMS
framework requires spatially explicit information on
the abundance and distribution of marine mammals
and how these are linked to individual behavioral
responses (Bailey et al. 2014, Costa et al. 2016a, Har-
wood et al. 2016). Furthermore, there is an urgent
need to better anticipate the impact of anthropogenic
activities and to understand how susceptibility of
particular populations varies across space and time.

While our analysis is a basic exercise based on sim-
ulated surveys and assumes that whales do not alter
their behavior, our results highlight the importance
of understanding the behavior and ecology of indi-
viduals in a site-specific context when considering
the likelihood of exposure to anthropogenic distur-
bances. For instance, our approach allowed us to
identify the temporal variability in the susceptibility
of the different populations under study, as we ran
the simulations for an entire year, enabling us to
identify periods when the surveys would have an in-
tensified effect on whales (warmer colors, Fig. 5A,B).
This, however, is invariably a function of the sample
size and length of the tracking data set. Blue whales
in the California Current had the largest and longest
data set, allowing us to robustly detect variations in
the susceptibility across the range of the population
and almost for a full year, whereas the Bering Sea or
Eastern Australia humpback whales data sets offer a
limited glimpse of the potential impacts of seismic
surveys (Fig. 5A,B, Fig. S2). If we aim at understand-
ing how human activities can potentially affect dif-
ferent populations of marine animals, we need a
more complete picture of their movement patterns
across an entire annual cycle (i.e. larger and longer
tracking data sets).

Traditionally, data on the range, abundance and
distribution of species that are being exposed to a
source of noise have been collected using visual sur-
veys (Bailey et al. 2014). While these data are valu-
able and can be very informative to discern behav-
ioral responses of animals under exposure, there are
intrinsic biases that limit the application of survey
data (e.g. detection probability, spatial range of the
observations, and transect design, among others)
(Palka & Hammond 2001, Hammond et al. 2002,
Bombosch et al. 2014). Tracking data, in contrast,
have the potential to provide unbiased information

about the movement patterns of animals at much
longer scales and over prolonged periods. Further-
more, the development of new statistical tools now
allows us to infer behavioral stages from tracking
data (Jonsen et al. 2005, Michelot et al. 2017,
McClintock & Michelot 2018), giving us the ability to
link habitat usage with at-sea behavior.

Similarly to seismic surveys, other anthropogenic
stressors in the oceans (e.g. shipping, fishing, recre-
ational boating) are dynamic in space and time (Weil-
gart 2007, Gomez et al. 2016). There is also an
increasing pressure to consider temporal changes in
the ocean’s conditions and human activities to imple-
ment better protection measures (Hyrenbach et al.
2000, Maxwell et al. 2015). Our modeling approach
can easily be adjusted to be applied to real-world
scenarios where there is a need to evaluate the im -
pact of other sources of noise or to assess the effec-
tiveness of mitigation measurements (e.g. postpon-
ing a survey, reducing the number of transect lines,
or moving a shipping route offshore). The strength of
this approach lies in the fact that it acknowledges
that the sources of exposure, as well as the animals,
are dynamic, making it a more realistic way to under-
stand how anthropogenic activities could affect natu-
ral populations of marine animals, and how protec-
tion can be implemented. Future iterations should
also consider the possibility of combining the likeli-
hood of exposure, as defined in this study, with
dynamic species modeling forecasts similar to tools
already available to minimize fisheries interactions
(Hazen et al. 2018). This would provide near real-
time predictions of occurrence, given particular envi-
ronmental covariates, along with a context-specific
assessment of the likelihood of exposure at relevant
spatial and temporal scales, improving our ability to
minimize the impact of seismic surveys.

We demonstrate that, by using tracking data, we
can estimate the maximum likelihood of exposure to
simulated moving sources of disturbance, providing
us with an estimate of (1) the proportion of individu-
als that would be exposed, (2) the time for which
individuals would be exposed and (3) the behavior
affected by the disturbance. This information is a piv-
otal first step (Fig. S1) toward evaluating population-
level impacts of a disturbance. These results can then
be used (along with data from behavioral response
studies, metabolic rate prey availability studies,
among others) to estimate the costs of that distur-
bance on an individual’s energy budget, including
the amount of energy expended but not acquired, the
additional time an individual would have to spend
foraging to offset this lost foraging time, and the sub-
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sequent effects on offspring growth and survival
(National Research Council 2003, New et al. 2013,
Costa et al. 2016a,b).
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