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Odontocetes respond to vessels and anthropogenic noise by modifying vocal behavior, surface active
behaviors, dive patterns, swim speed, direction of travel, and activity budgets. Exposure scenarios and
behavioral responses vary across odontocetes. A literature review was conducted to determine relevant
sources of disturbance and associated behavioral responses for several odontocete species (bottlenose
dolphin, killer whale, harbor porpoise, and beaked whales). The energetic costs of species-specific
responses to anthropogenic disturbance were then estimated. The energetic impact varies across species
and scenarios as well as by behavioral responses. Overall, the cumulative energetic cost of ephemeral
behavioral responses (e.g., performing surface active behaviors, modifying acoustic signals) and
modifying swim speeds and activity budgets likely increases daily energy expenditure by ≤4%. In
contrast, the reduction in foraging activity in the presence of vessels and/or exposure to sonar has the
potential to significantly reduce individuals’ daily energy acquisition. Indeed, across all odontocete
species, decreased energy acquisition as a result of reduced foraging undoubtedly has a larger impact on
individuals than the increased energy expenditure associated with behavioral modification. This work
provides a powerful tool to investigate the biological significance of multiple behavioral responses that
are likely to occur in response to anthropogenic disturbance.
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1. INTRODUCTION
Cetaceans (whales and dolphins) are exposed to noise produced by a variety of sources,
including boats, sonar, and acoustic pingers, among others. Odontocete (toothed cetaceans)
responses to anthropogenic noise and vessel presence include changes in vocal behavior, surface
active behavior, dive patterns, swim speed, direction of travel, and behavioral activity states
(Kruse, 1991; Williams et al., 2002a, 2002b, 2006, 2009; Holt et al., 2009; Lusseau et al., 2009;
Noren et al., 2009; Tyack et al., 2011; DeRuiter et al., 2013; Kastelein et al., 2015). Yet, the
consequences of such behavioral responses are not well understood. Measuring the energetic
costs of behavioral responses is one method to assess the biological significance of
anthropogenic disturbance to marine mammals. Previous studies have measured or estimated the
metabolic costs of performing surface active behaviors (Noren et al., 2012), producing and
modifying communicative sounds (Noren et al., 2013; Holt et al., 2015) and echolocation clicks
(Noren et al., in prep), swimming over a range of speeds (Williams et al., 1992, 1993; Yazdi et
al., 1999; Williams and Noren, 2009), and modifying daily activity budgets (Williams et al.,
2006) in delphinids. However, little work has been done to estimate the cumulative energetic
cost of multiple responses to disturbance. This study investigates the cumulative energetic cost
of species-specific responses to disturbance in four odontocete groups. This is critical for linking
short-term energetic impacts to long-term, population-level consequences (Lusseau and Bejder,
2007).

2. METHODS
A. SUBJECTS AND DATA SOURCES
This study focuses on four odontocete taxa [bottlenose dolphins (Tursiops truncatus and
Tursiops aduncus), harbor porpoises (Phocoena phocoena), killer whales (Orcinus orca), and
beaked whales (multiple species)] that are particularly sensitive to disturbance from vessels,
sonar, and acoustic pingers. Studies in peer-reviewed journals and other literature sources were
consulted to determine the scenarios of disturbance and associated behavioral responses that are
relevant to each species. The focus of this effort was on acoustic and vessel disturbance only,
and behavioral responses were limited to activities that have the potential to impact energy
expenditure and/or energy acquisition. The energetic costs of relevant species-specific
behavioral responses were then estimated.

B. ESTIMATED ENERGETIC COSTS OF RESPONSES
The energetic costs of species-specific responses to disturbance that have the potential to
increase energy expenditure were estimated using results from earlier studies. Specifically, the
mass-specific metabolic costs of performing surface active behaviors (tail slaps and breaches;
Noren et al., 2012 and Noren et al., unpublished data), producing social sounds (whistles and
squawks; Noren et al., 2013 and Holt et al., 2015) and echolocation clicks (Noren et al., in prep),
and modifying social sounds (Holt et al., 2015) and echolocation clicks (Noren et al., in prep) in
bottlenose dolphins were used to estimate the energetic costs of these responses in the four focal
species. This was deemed appropriate because the mass-specific costs of these short-term
responses are likely to be similar across most odontocetes. The energetic costs of altering swim
speeds in response to disturbance were calculated from the energetic costs of swimming at
specific speeds during disturbed and non-disturbed scenarios using species-specific cost of
Proceedings of Meetings on Acoustics, Vol. 27, 040011 (2017)
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transport equations (see Table 1). The energetic costs for killer whales modifying swim speeds
concomitant with modifying activity budgets in response to disturbance (northern resident killer
whales: Williams et al., 2006; southern resident killer whales: Lusseau et al., 2009) were also
estimated from swim speeds associated with activity states (Ford, 1989; Noren, 2011) and cost of
transport equations (Williams and Noren, 2009) specific to killer whales (Table 2). The energetic
costs of altering swim speeds with disturbance as well as modifying swim speeds as a result of
modifying daily activity budgets with disturbance were calculated for 12-hour periods to
estimate the change in energy expenditure when odontocetes are exposed to disturbance for 12
hours, compared to when they are free from disturbance (undisturbed) for 12 hours.
Table 1. Variables used to calculate the energetic costs of swimming during disturbed and
undisturbed scenarios for four odontocetes.
Species

Disturbance source
(reference)

Undisturbed speed
(ms-1) (reference)

Disturbed speed (ms-1)
(reference)

Killer
whales

Vessel presence
(Williams et al.,
2002a)

Males: 1.76 ms-1
Females: 1.31 ms-1
(Williams et al.,
2002a)

Males: 2.19 ms-1
Females: 1.64 ms-1
(Williams et al., 2002a)

Killer
whales

Vessel presence
(Kruse, 1991)

1.44 ms-1
(Kruse, 1991)

2.02 ms-1
(Kruse, 1991)

males and females
without calves
(Williams and Noren,
2009)

Harbor
porpoises

Acoustic pinger
alarm
(Culik et al., 2001)

0.52 ms-1
(Culik et al., 2001)

0.48 ms-1
(Culik et al., 2001)

females only
(Otani et al., 2001)

Bottlenose
dolphins

Vessel presence
(multiple references,
see Table 3)

Not available

Not available

females only
(Yazdi et al., 1999)

Beaked
whales

Sonar and vessels
(multiple references,
see Table 3)

Not available

2.6 ms-1, 3.1 ms-1
(DeRuiter et al., 2013)

Not available

Cost of transport
equations
(reference)
males and females
without calves
(Williams and Noren,
2009)

Table 2. Variables used to calculate the energetic costs of modifying swim speeds as a result
of modifying activity budgets with disturbance for northern and southern resident killer whales.
Activity
state

Northern resident
Swim speed (ms-1)
(Ford, 1989)
0.8

Southern resident
Swim speed (ms-1)
(Noren, 2011)
0.8

Cost of transport equations
(reference)

Beach rub

0.8
(assumed slow speed)

Not applicable

males and females without calves
(Williams and Noren, 2009)

Travel

2.9

2.2

males and females without calves
(Williams and Noren, 2009)

Forage

1.7

1.1

males and females without calves
(Williams and Noren, 2009)

Rest
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1.1

0.3

males and females without calves
(Williams and Noren, 2009)

3. RESULTS AND DISCUSSION
A. ODONTOCETE SOURCES OF DISTURBANCE AND RESPONSES
The comprehensive review of previously published studies demonstrates that odontocetes are
subjected to a wide range of anthropogenic disturbances, and behavioral responses are highly
variable (Table 3).
Table 3. Summary of changes in behavior that may impact energy expenditure and/or
acquisition in response to anthropogenic sources (e.g., vessels, sonar, noise) for bottlenose
dolphins, killer whales, harbor porpoise, and beaked whales.
Species/group

Disturbance
Source

Behavioral Response

Reference(s)

Bottlenose dolphins

Vessel presence

Change in surface active
behaviors

Lusseau, 2006; Papale et al.,
2012; Yazdi, 2005, 2007

Bottlenose dolphins

Vessel presence

Change in dive behavior

Goodwin and Cotton, 2004;
Lusseau, 2003a, 2006; Miller et
al., 2008; Nowacek et al., 2001;
Papale et al., 2012; Yazdi , 2005

Bottlenose dolphins

Vessel presence

Change in swimming
behavior

Goodwin and Cotton, 2004;
Lemon et al., 2006; Lusseau,
2006; Mattson et al., 2005;
Nowacek et al., 2001; Papale et
al., 2012; Stensland and
Berggren, 2007; Yazdi, 2005,
2007

Bottlenose dolphins

Vessel presence

Change in activity state

Arcangeli and Crosti, 2009;
Christiansen et al., 2010;
Constantine et al., 2004;
Lusseau, 2003b, 2004; Lemon et
al., 2006, 2008; Mattson et al.,
2005; Miller et al., 2008; Papale
et al., 2012; Steckenreuter et al.,
2012; Stensland and Berggren,
2007; Yazdi, 2005, 2007

Bottlenose dolphins

Vessel
presence/noise

Change in vocal behavior

Buckstaff, 2004; Gospić and
Picciulin, 2016; Heiler et al.,
2016; Luís et al., 2014; Pirotta et
al., 2015; Scarpaci et al., 2000

Killer whales

Vessel presence,

Change in surface active

Noren et al., 2009; Williams et

Proceedings of Meetings on Acoustics, Vol. 27, 040011 (2017)
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sonar

behaviors

al., 2009; Miller et al., 2012

Killer whales

Vessel presence,
sonar

Change in dive behavior

Williams et al., 2009; Miller et
al., 2012, 2014

Killer whales

Vessel presence,
sonar

Change in swimming
behavior

Kruse, 1991; Williams et al.,
2002a, 2002b, 2009; Williams
and Ashe, 2007; Miller et al.,
2012, 2014

Killer whales

Vessel presence,
sonar

Change in activity state

Williams et al., 2006; Lusseau et
al., 2009; Miller et al., 2012,
2014

Killer whales

Vessel
presence/noise,
sonar

Change in vocal behavior

Foote et al., 2004; Holt et al.,
2008, 2009, 2011, 2012; Miller
et al., 2012, 2014

Killer whales

Sonar

Change in echolocation
behavior

Miller et al., 2012

Beaked whales

Mid frequency
sonar, vessel
presence/noise

Change in dive behavior

Aguilar Soto et al., 2006;
DeRuiter et al., 2013; Tyack et
al., 2011

Beaked whales

Mid frequency sonar

Change in swimming
behavior

DeRuiter et al., 2013

Beaked whales

Mid frequency
sonar, vessel
presence/noise

Change in echolocation
behavior

Aguilar Soto et al., 2006,
DeRuiter et al., 2013; Tyack et
al., 2011

Harbor porpoises

Vessel presence,
sonar

Change in surface active
behaviors

Dyndo et al., 2015; Kastelein et
al., 2015

Harbor porpoises

Acoustic alarms

Change in dive behavior

Teilman et al., 2006

Harbor porpoises

Acoustic alarms,
sonar

Change in respiration rate

Kastelein et al., 2000, 2001,
2005, 2006, 2015

Harbor porpoises

Acoustic alarms,
sonar, underwater
ammunitions
explosions,
windpower
generator

Change in swimming
behavior

Culik et al., 2001; Cox et al.,
2001; Johnston, 2002; Kastelein
et al., 1997, 2000, 2001, 2005,
2006, 2015; Koschinski et al.,
2006; Olesiuk et al., 2002;
Teilman et al., 2006;
Sundermeyer et al., 2012;
Koschinski et al., 2003

Harbor porpoises

Acoustic alarms, air
gun array, impact
pile driving,
windpower

Change in echolocation
behavior
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generator

Tougaard et al., 2012;
Koschinski et al., 2003

The prevalent disturbance sources as well as the most commonly observed behavioral
responses vary across species. For example, both killer whales and bottlenose dolphins are
routinely subjected to whale-watching vessels (see references within Table 3) and demonstrate
similar behavioral responses to this type of disturbance (Table 3, Fig. 1). Killer whales also
demonstrate a wide range of reactions to sonar (Table 3, Fig. 1). In contrast to responses
observed during vessel disturbance, killer whales cease acoustic signal production (both calls and
echolocation clicks) and tail slaps in response to sonar (Miller et al., 2012; Table 3; Fig. 1).
These behavioral changes are associated with cessation of foraging (Miller et al., 2012). Similar
to acoustic responses to vessel disturbance, killer whales have also demonstrated strong vocal
responses to sonar, including increasing call coordination, increasing call “loudness”, and/or
increasing whistle frequency (Miller et al., 2014; Table 3; Fig. 1). The sources of disturbance for
beaked whales and harbor porpoises are predominantly anthropogenic noise inputs, including
sonar, acoustic alarms, and underwater explosions, as well as vessel presence. Although one
study reported that harbor porpoises increased echolocation rates in response to an alarm (e.g.,
Koschinski et al., 2006), the most common responses for both harbor porpoises and beaked
whales are to cease the production of echolocation clicks and leave the area (Table 3, Fig. 1).
Harbor porpoises have also increased surface active behaviors in response to vessel noise
(Dyndo et al., 2015) and sonar (Kastelein et al., 2015), but overall, that reaction is also rare in
this species. Interestingly, increasing travel and decreasing foraging behavior is a ubiquitous
response to disturbance across all four odontocetes (Fig. 1). These responses have the potential
to not only increase energy expenditure but to also decrease energy acquisition at the same time.

Figure 1. Behavioral responses to acoustic disturbance that may impact energy balance in
four odontocetes. Red X’s denote responses that have been reported for each of the four
odontocetes (see Table 3). Red columns depict responses that may increase energy
expenditure while white columns depict responses that may reduce energy acquisition.

B. ESTIMATED ENERGETIC COSTS OF RESPONSES
The energetic impact of disturbance varies across species and scenarios, and the cumulative
cost depends on the specific behavioral responses performed. For the two delphinids and harbor
Proceedings of Meetings on Acoustics, Vol. 27, 040011 (2017)
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porpoises, the energetic cost of performing surface active behaviors, producing and modifying
acoustic signals, and changing swimming speeds are relevant to determining the cumulative
energetic cost of disturbance (Table 3, Fig. 1). The only response that has the potential to
increase energy expenditure in beaked whales is increasing swimming speed and travel with
disturbance, but there are currently insufficient data to estimate that cost.
The energetic costs of producing and modifying social sounds and echolocation clicks are
considered to be small for delphinids and porpoises. Previous studies showed that the metabolic
rate of dolphins producing social sounds continuously for 2 minutes ranges from 1.2-1.5 times
resting metabolic rate (RMR; Noren et al., 2013; Holt et al., 2015). Increases in vocal effort, as a
consequence of increasing vocal amplitude, repetition rate and/or duration, which has been
observed in dolphins and killer whales in the presence of vessels (e.g. Buckstaff, 2004; Foote et
al., 2004; Holt et al., 2009), result in higher metabolic rates. Yet, the estimated metabolic cost of
modifying vocal behavior in response to noise is considered to be quite modest (Holt et al, 2015).
Similarly, for harbor porpoises, the metabolic cost of increasing click rates (e.g., Koschinski et
al., 2006) is likely to be small because the metabolic cost of producing and modifying
echolocation click bouts is negligible (Noren et al., in prep).
The energetic cost of performing surface active behaviors in response to disturbance varies
by species, the type of behavior(s) performed, and the level of disturbance. For example,
although killer whales regularly perform several different surface active behaviors, northern and
southern resident killer whales perform tail slaps more often than other surface active behaviors
in response to disturbance (Williams et al., 2002 a, b; Noren et al., 2009). Because the
performance of tail slaps does not significantly increase metabolic rates (Noren et al., 2012) and
because surface active behavior bouts are regularly performed by resident killer whale
populations, not always in response to close approaches by vessels (Noren et al., 2009), the
cumulative energetic impact of performing surface active behaviors in response to vessel
disturbance is likely to be low for killer whales. Similarly, the energetic impact of altering the
frequency of performing surface active behaviors is likely to be low for bottlenose dolphins.
Although tail slaps and the more energetically costly leaps (Noren et al., 2012) can be performed
in response to vessels (Yazdi, 2007; Papale et al., 2012), some dolphins also reduce the number
of breaches and/or the diversity of surface active behaviors performed (Papale et al., 2012) in the
presence of vessels. The overall cumulative energetic impact of changes in the performance of
surface active behaviors may be negligible. Thus far only two studies have reported that harbor
porpoises increase surface active behaviors in response to disturbance. Porpoising (Dyndo et al.,
2015) and leaping (Kastelein et al., 2015) out of the water can be energetically costly (Noren et
al., 2012). However, it is important to note that these responses were observed for porpoises that
were confined to net pens and pools and were therefore unable to leave the area, which is the
most common response for harbor porpoises (see references in Table 3). Harbor porpoises that
regularly respond to disturbance by porpoising and/or leaping could increase their energy
expenditure, but it is important to first determine how often these responses occur in free-ranging
porpoises before assessing the energetic impact.
The energetic cost of modifying swim speeds in the presence of vessels varied by species and
population as well as by the method that was used to estimate energy expenditure. Northern
resident killer whales increased their swim speed in response to vessel disturbance, which
equates to a 0.7-1.4% increase in energy expenditure over a 12-hour period when vessels are
present, compared to when there are no vessels (speeds from Kruse, 1991 and Williams et al.,
2002, see Table 1). The increase in energy expenditure calculated from changes in activity
budgets and associated swimming speeds was considerably lower for northern and southern
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resident killer whales and ranged from 0.02-0.5%, depending on the sex, disturbance scenario,
and population. This result is likely because swim speeds associated with the activity states are
relatively slow (Ford, 1989; Noren, 2011), and killer whales swim efficiently over a broad range
of speeds (Williams and Noren, 2009). Interestingly, males from the southern resident killer
whale population, the population that is typically associated with a higher number of boats, had
the greatest increase in energy expenditure using this method. Nonetheless, increases in energy
expenditure calculated by both methods are considered to be negligible for resident killer whales.
The increase in energy expenditure for harbor porpoises responding to an acoustic pinger alarm
was 0.33%. This was not expected because swimming speed actually decreased during
disturbance. The result is due to the unusual shape of the cost of transport curve (Otani et al.,
2001). Regardless, energy expenditure related to swim speed modification is also considered
negligible for harbor porpoises.
It appears that responses involving changes in swimming speeds, either alone or in
association with changes in activity budgets, do not equate to large changes in energy
expenditure. However, it is important to note that beyond differences in swimming speed,
activity states are associated with other behaviors that contribute to the energetic cost of being
engaged in those states. The method used here does not account for those additional energetic
costs. A study on northern resident killer whales utilized a different method to account for those
costs and found that energy expenditure increased by 3-4% when whales were with vessels for
12 hours compared to when there were no vessels present for 12 hours (Williams et al., 2006).
This method could be used with data from southern resident killer whales (Lusseau et al., 2009)
and should be explored for use with data from bottlenose dolphins since swim speed data are not
available (Table 1), yet several studies have investigated changes in daily activity budgets with
disturbance in bottlenose dolphins (Table 3). Finally, an increase in energy expenditure of 3-4%
could still be considered small, compared to the substantial decrease in energy acquisition from
lost foraging opportunities as a result of vessel disturbance (Williams et al., 2006). The
reduction of foraging behavior with a concomitant increase in travel appears to be a ubiquitous
response across cetaceans (references in Table 3, Senigaglia et al., 2016). Thus, it is important to
quantify this reduction in prey acquisition to better assess consequences of disturbance.

4. CONCLUSION
By combining data on the metabolic costs of behaviors with data on behavioral changes
observed in the field, we can estimate the cumulative energetic cost of various disturbance
scenarios. Overall, odontocetes may increase their energy expenditure in response to acoustic
disturbance, but short-lived responses with relatively small metabolic costs (e.g., tail slaps, vocal
compensation, moderate changes in swim speed), may not significantly impact individuals
during ephemeral exposures. Certainly, the ability to estimate the metabolic consequences of
disturbance for all odontocetes is hampered by lack of empirical data. Reduced energy
acquisition resulting from lost foraging opportunities is likely to have a larger impact on
individuals than modifying behaviors in a way that increases energy expenditure. Extended
reduction in energy acquisition has the greatest potential to affect energy balance, consequently
altering body condition, and ultimately affecting fitness of individuals. A better understanding
of the consequences of reduced energy acquisition is warranted to better understand the
cumulative effects of multiple responses to anthropogenic disturbance.
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