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ABSTRACT 

Recent years have seen the rapid development of tools and approaches to model the population consequences of disturbance in several marine 
mammal populations from high-amplitude, acute sound sources. Ocean noise from shipping and other maritime activities is now recognised as a 
chronic, habitat-level stressor. Advances are needed in several key areas in order to understand the population consequences of chronic ocean noise 
to cetaceans and their populations. One promising approach is to predict population-level consequences of noise-mediated disruption of feeding, 
which can include both behavioural responses and foraging opportunities lost due to acoustic masking. Masking may be defined as both the process 
and the amount by which the threshold of hearing of one sound is raised by the presence of another. Parameterising any model of population 
consequences of the masking caused by chronic ocean noise requires information on sensitivity and vulnerability of large whales to ocean noise, in 
which sensitivity is the degree to which marine organisms respond to a stressor (e.g. behavioural responses to noise or proportional reduction in 
foraging efficiency due to masking), and vulnerability is the probability that whales are exposed to noise to which they are sensitive. Our review 
draws from case studies inspired by the Population Consequences of Disturbance framework, as well as those that use Population Viability Analysis 
approaches. Much of the work completed to date focuses on odontocetes, particularly coastal odontocetes. Efforts are underway to provide much-
needed information on hearing sensitivity in baleen whales, the role of acoustic cues in foraging, and deriving links between long-term variability 
in prey availability and whale demography. As new information becomes available, we expect rapid advancement on modelling population 
consequences of acoustic masking in baleen whales, because those efforts can leverage substantial investments in statistical methodological 
approaches to model population consequences of disturbance. Although the models presented explore population consequences of noise via a 
tractable approach that considers noise-mediated impacts on foraging, other pathways of effects (e.g. stress hormones affecting reproduction or 
disease) are possible. By considering only one pathway of effects, the modelling approaches discussed may underestimate the magnitude of effects 
of noise on cetacean populations. Case studies of local, national, international, and inter-governmental efforts were highlighted to monitor and 
reduce the contribution of global shipping to ocean ambient noise, and outline approaches that can be used to assess the risk to cetacean population 
recovery of existing levels of ocean noise, and consequently, predict the benefits likely to arise from reducing chronic ocean noise.  
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listener – that is, the same acoustic environment may 
represent different acoustic habitats to different species, 
based on their auditory perception capabilities and acoustic 
cue production (Clark et al., 2009; Moore et al., 2012). From 
the perspective of marine acoustic habitats and cetaceans, 
higher levels of acoustic interference reduce the space over 
which individuals and populations can listen and be heard. 
Consequently, they lose opportunities to effectively engage 
in acoustically mediated activities such as communicating, 
foraging, and navigating. Additionally, from the acoustic 
habitat perspective, the impacts of increased ocean noise tend 
to be chronic rather than acute, large-scale rather than  
small-scale, and occur across multiple species, with some 
populations likely losing large portions (> 50%) of their 
acoustic habitats for many months of the year over many 
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INTRODUCTION 

Marine mammals produce and use sound in all of their major 
life functions (e.g. mating, feeding, predator avoidance, and 
resting). Of all the possible impacts of anthropogenic noise, 
masking is perhaps the most pervasive, yet least understood. 
We define masking as both the process and the amount by 
which the threshold of hearing of one sound is raised by the 
presence of another (Erbe et al., 2016). Masking is caused 
by the interference of sound, often in the form of aggregate 
noise levels, with acoustically mediated activities, such  
as listening and communicating. The term ‘acoustic 
environment’ refers to the acoustic characteristics of a place 
or region (e.g. spectrum levels) independent of an organism, 
whereas the term ‘acoustic habitat’ refers to the acoustic 
characteristics of a place or region from the perspective of a 

1 Oceans Initiative, 117 E Louisa St, #135, Seattle WA 98102, USA. 
2 Northeast Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, 166 Water Street, Woods Hole, 
MA 02543, USA  
3 Bioacoustics Research Program, Cornell Laboratory of Ornithology, Cornell University, 159 Sapsucker Woods Road, Ithaca, NY 14850, USA  
4 Centre for Marine Science & Technology, Curtin University, PO Box U1987, Perth, WA 6845, Australia 
5 Department of Wildlife Management, North Slope Borough, Box 69, Utqiaġvik (Barrow), AK 99723, USA 
6 Species Conservation Toolkit Initiative, Chicago Zoological Society, 3300 Golf Road, Brookfield, IL 60513 USA 
7 International Fund for Animal Welfare, London, UK 
8 Center for Ecosystem Sentinels, Department of Biology, University of Washington, Seattle WA USA 
9 Department of Mathematics and Statistics, Washington State University, Vancouver, Washington 98686 USA 
10 Centre for Ecology and Conservation, Daphne du Maurier Building, Penryn Campus University of Exeter, Cornwall, UK 
11 Wildlife Conservation Society, Ocean Giants Program, 2300 Southern Blvd., Bronx, NY 10460 USA 
12 National Marine Fisheries Service, 1315 East West Highway, Silver Spring, 20910, Maryland, USA 
13 School of Veterinary Sciences, University of Bristol, Langford House, Langford, Bristol, BS40 5DU, UK 
14 Fisheries and Oceans Canada Maritimes Region, Bedford Institute of Oceanography, 1 Challenger Drive, Dartmouth, NS B2Y 4A2, Canada 



years (Cholewiak et al., 2018; Gabriele et al., 2018; Hatch 
et al., 2012; Williams et al., 2014). 

Although the population consequences from such broad-
scale acoustic habitat loss are difficult to estimate, there is 
increasingly broad agreement that existing levels of chronic 
ocean noise and associated masking effects are likely to 
result in population-level consequences to whales (IWC, 
2016). In recent years, there has been considerable effort to 
scope the problem of masking from anthropogenic noise 
(Cholewiak et al., 2018; Clark et al., 2009; Erbe et al., 2016; 
Gabriele et al., 2018). Similarly, over the last decade several 
statistical approaches have been developed to assess the 
population-level impacts of disturbance on marine mammals 
(King et al., 2015; New et al., 2013a; New et al., 2013b). 
We review briefly the progress made on both themes (i.e. 
acoustic masking, and modelling population consequences 
of disturbance), and outline methods that could be used to 
integrate these two research areas to help model population 
consequences of acoustic masking in cetaceans. The review 
also places the science in the context of a policy arena  
in which there is increasing attention paid to measuring, 
monitoring, and mitigating chronic ocean noise. 

ACOUSTIC MASKING 

Progress on understanding population-level effects of 
masking in cetaceans includes advances in modelling, 
measurement and visualisation tools; increased understanding  
of uncertainties in model input; recognition of the role of 
behavioural context (e.g. foraging, mating, migrating) for 
estimating impact on cetaceans (Ellison et al., 2012; Gomez 
et al., 2016); and examples of population-level consequences 
(Lacy et al., 2017). Given cetacean dependence on listening 
to and producing sounds for survival, it is important to 
expand the specific issue of acoustic masking impact from a 
focus on individual whales to the broader topics of acoustic 
habitat quality and population-level effects. 

Key developments in international policy 

Much of the scientific advancement in this field has been 
driven by a policy push to address ocean noise around the 
world. For example, discussion of noise at the International 
Whaling Commission’s Scientific Committee (IWC-SC) 
began in earnest in 2004, following the use of the term ‘noise 
pollution’ by the International Whaling Commission (IWC) 
itself in the year prior (IWC, 2005; Wright et al., 2017). 
These discussions led the IWC-SC to agree in 2014 that 
increased efforts should be made to avoid, minimise and 
mitigate the adverse effects of anthropogenic noise on 
cetaceans. In particular, the IWC-SC recommended that IWC 
Contracting Governments should promote and facilitate the 
adoption, by industry, of noise-reducing technologies, 
including quieting technologies for ships. 

The IWC-SC specifically began considering noise from 
shipping in 2008 (IWC, 2009), following a workshop held 
in Hamburg in 2008 (Wright and Okeanos Foundation for 
the Sea, 2008), which had wide participation including 
shipping operators, designers and builders. That workshop 
agreed on a simple target for reducing shipping noise by half 
within ten years. This target was endorsed by the IWC-SC 
which further strongly recommended in 2010 that: 

(1) the goal of noise reduction from shipping set in 2008 (i.e. 
3dB in 10 years; 10dB in 30 years in the 10–300Hz band) 
be actively pursued; 

(2) new and retro-fit designs to reduce noise from ship 
propulsion be advanced within the goals of the 
International Maritime Organization (IMO), when and 
wherever practicable; and 

(3) the IWC and IMO continue to work collaboratively to 
advance the goal of worldwide reduction of noise from 
commercial shipping when and wherever practicable 
including reporting progress on noise measurements and 
implementing noise reduction measures. 

The IMO has recognised the problem of underwater noise 
pollution from shipping and agreed in 2009 that scientific 
uncertainty as to the effects of noise should not preclude 
efforts towards developing quieting technologies for 
commercial ships. Through a process within the IMO Marine 
Environment Protection Committee (MEPC), non-mandatory  
technical guidelines for reducing ship noise were adopted in 
2014 (MEPC.1/Circ.833). During that process, member 
states were encouraged to review their merchant fleets to 
identify the vessels that would benefit most from efficiency-
improving technologies, as the quieting of a relative few of 
the loudest ships had been identified as a potential way to 
efficiently reduce the overall contribution of shipping noise 
to the global ocean noise budget (IMO, 2013). 

The IWC and IMO have been developing stronger links, 
including observer status for the IWC with the IMO. At a 
meeting between the Secretariats in January 2016, underwater  
noise, amongst other issues, was discussed. IWC submitted 
a paper to the IMO MEPC 72 meeting in April 2018 
providing an update on noise impacts (IWC, 2018). 

The IMO is the competent UN body to regulate shipping, 
but the UN also included a strong commitment to the world’s 
oceans under Goal 14 of the 17 Sustainable Development 
Goals agreed in August 2015 by the 193 member nations15. 
Addressing ocean noise is undoubtedly essential to meet at 
least two of the targets under Goal 14. These are 14.1 ‘By 
2025, prevent and significantly reduce marine pollution of 
all kinds, in particular from land-based activities, including 
marine debris and nutrient pollution’ and 14.5 ‘By 2020, 
conserve at least 10% of coastal and marine areas, consistent 
with national and international law and based on the best 
available scientific information’. 

During the preparatory meeting for the June 2017 United 
Nations Ocean Conference (UNOC) to discuss implementation  
of Sustainable Development Goal 14, the IUCN, the Wildlife 
Conservation Society (WCS) and the Government of France 
hosted a side event to raise awareness among United Nations 
member states and other stakeholders about global shipping 
and impacts of noise on whales and other marine mammals. 
A complete recording of the meeting and all documents related 
to outcomes and recommendations related to anthropogenic 
underwater noise is available16. Specific mention was 
subsequently made by member states about ocean noise in  
the final UNOC Call for Action. This event also initiated  
a collaborative effort that led to the formulation and 

86 WILLIAMS et al.: CHRONIC OCEAN NOISE AND CETACEAN POPULATION DYNAMICS

15http://www.un.org/sustainabledevelopment/oceans/. 
16https://sdg14.wcs.org/Events/Global-Shipping-and-Whale-Conservation. 



registration of United Nations voluntary commitment17 
OceanAction18553, entitled ‘A commitment to reduce Ocean 
Noise Pollution’. 

Each year the UN General Assembly has a standing 
agenda item to review implementation of UNCLOS and then 
adopts a resolution entitled ‘Oceans and the Law of the Sea’ 
as the outcome of this review. The focus of the 2018 Informal 
Consultative process was anthropogenic underwater noise 
held at the UN between 18–22 June 2018. The full 
proceedings presentations of panelists (including IWC 
Secretariat and members of the IWC-SC), as well as the 
report of the Co-chairs of the ICP are available18. The 
conclusions from this process will be included in the next 
Oceans and the Law of the Sea resolution.  

In addition to these developments at a global level,  
there have also been some notable regional and national 
developments. For example, the European Marine Strategy 
Framework Directive contains an acoustic indicator for Good 
Environmental Status. Although the specific indicators 
selected have been debated (van der Graaf et al., 2012), and 
their implementation has made some trans-boundary work 
challenging (Authier et al., 2017), they are now shaping the 
way that European nations approach noise-related issues 
(e.g. Merchant et al., 2016). It also represents a shift from 
the consideration of noise impacts on individuals specifically,  
to consideration at an ecosystem level. Furthermore, the US 
National Oceanic and Atmospheric Administration (NOAA) 
has recently released an Ocean Noise Strategy Roadmap 
(ONSR) that, among other things, also highlights the 
importance of acoustic habitats (Hatch et al., 2016). 

Efforts to characterise and reduce ship noise 

Recognising that the IMO has already asked its Member 
States to review their merchant fleets, it is possible to 

identify a number of recent extensive data sets with source 
characteristics of individual vessels (e.g. source level, 
spectral characteristics, sound radiation characteristics) that 
could be used to identify the noisiest vessels. For instance, 
vessel approaches to Boston off the east coast of the US have 
been monitored through the Stellwagen Bank right whale 
alert system. Off the west coast of the US and Canada, ships 
were recorded at several points on their approach into the 
Port of Vancouver, before and during a voluntary slow-down 
trial of piloted ships transiting that region19. We thus 
recommend that such ship source characteristic data be 
evaluated to identify the noisiest ships and quantify their 
relative contribution to overall ocean noise. A recent study 
near the Port of Vancouver identified that the noisiest 15% 
of ships generated 50% of the underwater noise power in the 
region (Veirs et al., 2018). We further recommend that  
ships that contribute disproportionately to ocean noise be 
considered a priority for replacement, or at least retrofit with 
available ship-quieting technologies (reviewed in Williams 
et al., 2019). 

Advances in the measurement and mapping of ship and 

ambient noise 

The IWC, International Quiet Ocean Experiment (IQOE), 
National Oceanic and Atmospheric Administration (NOAA), 
Office of Naval Research Global (ONRG), Netherlands 
Organization for Applied Scientific Research (TNO) and 
Netherlands Ministry of Infrastructure and the Environment 
hosted a 2-day workshop in April 2014 in Leiden, 
Netherlands, on ‘Predicting sound fields: Global soundscape 
modelling to inform management of cetaceans and 
anthropogenic noise’ (IWC, 2015). The motivation for this 
workshop was a need by decision makers to characterise, 
monitor, and manage chronic anthropogenic noise for which 

J. CETACEAN RES. MANAGE. 21: 85–94, 2020 87

17https://oceanconference.un.org/commitments/?id=18553. 
18http://www.un.org/depts/los/consultative_process/consultative_process.htm. 

19https://www.portvancouver.com/environment/water-land-wildlife/echo-
program/vessel-slowdown-trial-in-haro-strait/ 



soundscape modelling and mapping tools would be useful. 
Twenty-six participants from 11 countries evaluated existing 
sound mapping approaches and identified data gaps and 
research needs. Targets of a 2-year workplan, possibly 
focussing on a couple of case studies, include: a registry of 
anthropogenic operations by geographic region, an inventory 
of sound signatures of anthropogenic activities, a growing 
database of ambient noise recordings, standardised recording 
and data analysis paradigms, agreed modelling parameters, 
model validation, and visualisation tools that could predict 
noise footprints and cumulative noise maps, as well as 
quickly compare alternative operational scenarios. The 
workplan did not discuss exactly how the recommendations 
could be achieved. Accordingly, we provide examples of 
how the recommendations (as well as our own measurement-
related recommendation made above) might be implemented 
(Table 1). 

In a complementary effort, the International Organization 
for Standardization (ISO) released ISO 17208-1:2016 for 
measuring noise characteristics of individual vessels in deep 
water with precision for comparison purposes. Although the 
standard cannot be applied to historic data, some existing 
data sets match the prescribed procedures, and the standard 
does offer scientists a standard metric for comparing  
noise from ships in future work. That said, the prescribed 
methodology is applicable only in deep water, yet port 
approach channels where measurements are easily taken 
exhibit shallow water. The development of a shallow-water 
standard is in progress. 

There is thus still a need for a simple metric for the overall 
contribution of individual vessels. This can be considered as 
the ‘acoustic footprint’ of that vessel. Such a metric could be 
used to address questions about the relative contribution of 
different vessels. For example, what is the relative effect of 
replacing several smaller vessels with one larger, potentially 
louder, one? Two studies (Leaper et al., 2009; Leaper et al., 
2014) used the simple two-dimensional area estimated to be 
ensonified to a certain received level to represent the acoustic 
footprint. This allowed an estimate of the relative contribution  
of different vessels to the overall acoustic footprint of the 
fleet and an evaluation of the change as a result of slow 
steaming practices. This definition of footprint is a simple 
generalisation that does allow comparisons to be made  
taking into account that shipping is truly global, with 
individual vessels transiting through many different whale 
habitats and propagation environments. The results were 
sensitive to different assumptions about propagation but 
indicated that the noisiest 10% of vessels may contribute 
between around 48% and 88% of the total acoustic footprint. 
The more recent study by Veirs et al. (2018) using a much 
larger data set found similar results with 15% of vessels 
contributing 50% of the sound energy. Based on a review of 
the general relationship between source level and speed, the 
results suggested substantial noise reduction associated with 
slow steaming. For example, for a typical container ship 
travelling at 25 knots, the total acoustic footprint would be 
reduced to 21% for slower steaming at 20 knots. Although 
the relationship between source level and speed is not the 
same for all vessels, requiring future study, such work may 
support replacement or retrofit prioritisation efforts.  

Extending estimates of the acoustic footprints of 
individual vessels to the total pressure on an acoustic habitat 
or ecosystem will require some modelling efforts. For 
example, individual ship signatures will need to be integrated 
with ship density data, probably originating from Automatic 
Identification System (AIS) information, together with 
propagation models before the loss of acoustic habitat from 
shipping noise can be estimated. Soundfield predictions  
from AIS data can also be applied in regions where  
acoustic impacts may be particularly severe but empirical 
measurements of noise levels are not available. 

Understanding and measuring masking and its 

consequences 

A recent review summarised understanding of masking in 
marine mammals and identified major data gaps on marine 
mammal hearing as they relate to masking (Erbe et al., 
2016). The ‘Power Spectrum Model of Masking’ assumes 
the auditory system consists of a series of overlapping 
bandpass filters; a listener attends to (i.e. focuses on) the 
filter that encompasses the signal, or has the highest signal-
to-noise ratio (SNR); and there exists a critical SNR (the 
critical ratio), below which the signal is masked. Studies with 
captive animals indicate that the Power Spectrum Model 
often effectively predicts masking, in particular when the 
signal is of tonal character and the noise is broadband and 
continuous. However, it is more difficult to assess and model 
masking in more natural scenarios, such as when the noise 
has temporal gaps (e.g. pulsed noise from pile driving and 
seismic airgun arrays, and strongly amplitude-modulated 
ship noise), or when signal and noise are spatially separated, 
arriving at the listener from different directions. The spectro-
temporal characteristics of noise can change as noise 
propagates through the ocean (e.g. the brief broadband pulses 
from seismic airguns can turn into extended frequency-
modulated sounds), meaning that masking potential can also 
change with range from the source. Additionally, while we 
can predict if a (tonal) signal is detectable in many types of 
noise, there are no data on signal discrimination, recognition, 
or comfortable communication in any marine mammal. 
Based on information from terrestrial animals and humans, 
it is known that SNRs significantly higher than the critical 
ratio are needed for successful communication. In fact, there 
are many marine mammal species for which even the most 
basic information on hearing capabilities is non-existent. 
Masking studies with realistic signals (e.g. communication 
or echolocation sounds) and realistic noise are needed, and 
studies are needed to investigate natural masking release 
phenomena. For a full review of the current state of 
knowledge on masking see Erbe et al. (2016) and references 
therein. 

Following from early work by Møhl (1980; 1981) and 
Clark et al. (2009), many current efforts to assess and 
manage masking focus on acoustic habitat loss related to the 
ability of cetaceans to detect the calls of conspecifics  
(i.e. ‘communication space’), environmental signals, and 
echolocation (i.e. ‘foraging space’, Williams et al., 2014). 
An acoustic space can be defined by the dimensions of the 
frequency band in which the sound occurs, the distance over 
which it operates (e.g. communication range for cetaceans, 

88 WILLIAMS et al.: CHRONIC OCEAN NOISE AND CETACEAN POPULATION DYNAMICS



echolocation distance, or range over which noise propagates),  
and the duration of the sound. 

Vessel noise should be considered over a broad frequency 
range and not just at low frequencies, where the emission 
might be strongest. Reyes Reyes et al. (2016) documented 
that several types of vessels increase ambient noise levels 
not only at low frequencies but also at medium and high 
frequencies, where toothed whale hearing seems to be  
most sensitive. Accordingly, having access to sufficient 
audiometric data is critical to assess masking. There are 
indications that auditory thresholds for low-frequency 
specialists such as baleen whales, for which experimental 
audiometric data are lacking, are driven by historical,  
natural ambient noise levels that can be used to estimate  
how vessel noise reduces communication space (i.e. 
masking). 

Tools and approaches for calculating the dynamics of lost 
acoustic environment are now well established (Clark et al., 
2009). Although there are uncertainties in the mechanisms 
(e.g. environmental factors for computing transmission loss), 
the limiting factors in estimating lost acoustic space, 
masking, or acoustic habitat loss are primarily driven by 
biological uncertainties (e.g. animal distribution, density, 
behavioural context, auditory sensitivity), rather than in the 
domain of physical acoustics. However, while these studies 
and approaches are useful, some of the remaining biological 
uncertainties are considerable. For example, simple detection 
of an acoustic signal does not mean an individual will be able 
to recognise the content of the signal and little information 
exists on this in marine mammals. Furthermore, received 
levels at the listener are influenced by noise levels at the 
producer in cases where animals may change their behaviour 
in response to perceived increases in noise. Such changes 
include increasing the signal level (Lombard effect; 
Lombard, 1911), repeating the signal, ceasing signal 
production, and shifting the signal frequencies away from 
the noise band. While the Lombard response has been 
documented in animals, it is unknown to what extent it 
improves communication or whether there are unknown 
consequences for recognition and information transfer (Holt 
et al., 2011; Hotchkin and Parks, 2013). 

Added complications arise from the possibility that 
aggregated impacts of repeated short-term exposures may 

produce long-term effects such as reducing fitness of  
the animals due to, for example, disruption of foraging,  
even though any given acoustic masking event may be a  
short-term consequence of a single exposure. Furthermore, 
received levels do not necessarily predict an individual’s 
response to sound, but may be dependent on the individual’s 
behavioural context. For example, an individual faced with 
multiple ‘small’ stressors, such as whale-watching vessels, 
may not react to what might normally be considered the 
larger disturbance (e.g. a nearby container ship) because of 
the more proximate source of disturbance. This may also lead 
to other indirect effects, such as an increased risk of ship 
strikes or entanglement due to the individual’s distraction 
(see Wright, 2017) and highlights the need to consider the 
different impacts of various vessel types and the relationships 
among disturbance, distance, and duration. Finally, the 
context of exposure has been found to be more important 
than received level for behavioural responses (Gomez et al., 
2016), although how context might influence masking has 
yet to be determined. 

In terms of masking, we are currently unable to answer 
the question of ‘how much is too much?’ and given the 
various remaining questions, further studies will be needed 
before masking can effectively be incorporated into the 
management of specific anthropogenic operations (Table 2). 
Despite this, there also remains a need to address masking 
in current management. 

Quantifying how changes in the acoustic environment 
from anthropogenic sound sources translate into effective 
acoustic habitat loss for particular species, and then onto 
reduced opportunities for essential life functions, and 
possible impacts at population levels is challenging. 
Studying the differences between thresholds of detection  
and recognition is thus important, but will also prove 
challenging, as it is not possible to reproduce the sound  
field of many sound sources of interest (e.g. seismic airguns) 
in a captive setting. Some possibilities may exist to  
compare dynamics of populations exposed to various levels 
of anthropogenic sound through comparison of closely 
related species in different regions, such as the North  
and South Atlantic, although this raises the question of 
appropriate scales from a biological and management 
perspective.  
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Integrating masking into statistical models of whale 

population dynamics 

Population Consequences of Acoustic Disturbance 
Framework 
In 2005, a US National Research Council (NRC) working 
group attempted to address the issue of the population-level 
impacts of individual responses to noise exposure, by 
outlining a conceptual framework, known as the ‘Population 
Consequences of Acoustic Disturbance’ (PCAD), which 
linked changes in behaviour to population effects via ‘life 
functions’ (NRC, 2005). Developments in statistical research 
and increases in computational power made it possible to 
begin implementing the PCAD framework in 2009, well 
ahead of the 10-year prediction offered by the NRC (2005). 
Initial application of the PCAD framework to elephant seals 
(Mirounga sp.; New et al., 2014; Schick et al., 2013b) led 
researchers to expand the framework to include additional 
sources of anthropogenic and environmental disturbance,  
as opposed to focusing solely upon noise. Additional 
developments included acknowledging that there may be 
physiological as well as behavioural responses to disturbance,  
and that the effect of these responses on individual vital rates 
is mediated through individual health (defined as internal 
factors that impact an individual’s fitness) for chronic effects, 
but may impact vital rates directly for more acute effects. 
These generalisations resulted in the framework being 
renamed the ‘Population Consequences of Disturbance’ 
(PCoD; New et al., 2014)). In addition to elephant seals, the 
PCoD framework has now been applied to studies of coastal 
bottlenose dolphins (Tursiops sp.; New et al., 2013b; Pirotta 
et al., 2014), North Atlantic right whales (Eubalaena 
glacialis; Schick et al., 2013a), beaked whales (family 
Ziphiidae; New et al., 2013a), and gray whales (Eschrichtius 
robustus; Villegas-Amtmann et al., 2015).  

Masking, however, has not been included in PCoD models 
to date. This is because masking is not a behavioural or 
physiological response in and of itself. Instead, the 
ensonification of the oceans can lead to masking, which can 
influence how an animal interacts with their environment to 
produce subsequent behavioural or physical changes that, in 
turn, result from interruption to foraging or call behaviour. 
It is these potential changes that may then result in an effect 
on individual health, vital rates and then population dynamics. 

While the application of the PCoD framework has been 
successful, it has its limitations. Primary among these is that 
there are few other marine mammal populations that have 
been as intensively studied as those listed above, resulting 
in a lack of appropriate datasets for many species of 
conservation and management concern. This has led to the 
development of two alternative approaches to the PCoD 

framework (Table 3). The first approach, known as ‘PCoD-
lite’, draws on estimated relationships between behaviour 
and vital rates to fill data gaps. For example, with killer 
whales (Orcinus orca), disturbance from boats is known to 
alter behavioural budgets, reducing the time spent foraging 
(Williams et al., 2006). Additionally, killer whale survival is 
correlated to Chinook salmon (Oncorhynchus tshawytscha) 
abundance (e.g. Ford et al., 2009). Thus, the interruption of 
foraging can be linked to a vital rate, through an effective 
reduction in the availability of Chinook salmon, which could 
then be used to determine the effects on the population 
dynamics (e.g. Williams et al., 2016). 

The second approach to addressing data limitations in the 
PCoD framework is the use of expert elicitation and is 
known as interim PCoD. In this case, knowledge is elicited 
from experts regarding parameter values that might 
otherwise be obtained through field research and analysis 
(King et al., 2015). Expert elicitation is a structured and 
formalised process for obtaining required information  
(e.g. Estévez et al., 2013; Hayes et al., 2007), to reduce the 
biases in estimates obtained through less-structured expert 
judgement (Elith et al., 2013) that is dominated by cognitive 
biases and heuristics (e.g. McBride and Burgman, 2011). The 
interim PCoD approach has been used to assess the effect of 
offshore wind farm construction on harbour porpoise 
(Phocoena phocoena) in the North Sea (King et al., 2015), 
as well as the exposure of bottlenose dolphin populations to 
anthropogenic disturbances in the Moray Firth, Scotland 
(Lusseau et al., 2011). The use of the term ‘interim’ is 
important, because the approach is not meant to replace 
scientific research, but rather to be used as a temporary 
measure, allowing management and conservation decisions 
to be made while empirical data are collected. However, the 
results of expert elicitation can be influenced through the 
way questions are phrased or depending on which experts 
are included or excluded. These issues are important when 
such processes form the basis for decisions may have high 
costs, such as those related to the survival of endangered 
species. 

While the PCoD framework shows promise, it does 
currently have some notable limitations. For example, PCoD 
models developed to date have explored the consequences 
of varying levels of a single disturbance, often assuming that 
the animals’ observed baseline behaviour and/or physiology 
incorporates the effects of existing background levels of 
disturbance. Even were multiple stressors included, there is 
a lack of information on how cumulative effects interact (e.g. 
additive, multiplicative). An emerging framework offers 
promise in modelling population consequences of multiple 
stressors in marine mammals (PCoMS; National Academies 
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of Sciences Engineering and Medicine, 2017). Efforts to 
include masking in population models should be prioritised, 
as should field research and modelling efforts to help 
quantify the relationship between reduction in acoustic space 
and prey intake. 

Population Viability Analyses Models 
Population Viability Analysis (PVA) is a class of scientific 
techniques that uses demographic modelling to assess risks 
to wildlife populations and evaluate the likely efficacy  
of protection, recovery, or restoration options (Beissinger 
and McCullough, 2002; Shaffer, 1990; Sjögren-Gulve and 
Ebenhard, 2000), and can be incorporated into a PCoD 
framework. PVA can extend standard demographic projections  
(Caswell, 2001) by incorporating the impacts of forces 
external to the population (e.g. harvest, changing habitat 
quality, etc.) on the demographic rates, which allows for the 
cumulative impacts and potential synergies of multiple 
threats to a population to be examined. Additionally, 
uncertainty in the population trajectory arising from intrinsic 
(e.g. demographic stochasticity, inbreeding impacts, etc.)  
and extrinsic (e.g. environmental variation, occasional 
catastrophes, etc.) factors can be explicitly modeled, usually 
using simulations (e.g. see Lacy, 2000; Lacy and Pollak, 
2014). 

PVAs have been used to assess threats to hundreds of 
species, including cetaceans such as killer whales (Lacy et 
al., 2017; Taylor and Plater, 2001) and bottlenose dolphins 
(Lacy and Wells, 2009; Manlik et al., 2016), with some 
simulations being confirmed to produce population 
trajectories that are consistent with monitored wildlife 
populations (Brook et al., 2000). 

The impacts of noise on one or more demographic rate(s) 
must be specified to model the impacts of noise (or any 
stress) on populations. Ideally, these functional relationships 
would be obtained from studies on the populations of 
interest, but otherwise they might be assumed to be similar 
to relationships measured on related species, elicited from 
expert opinions based on understanding of the ecology of the 
species, or specified as hypotheses to be explored in terms 
of the possible impacts and the concordance of population 
trajectories generated by the model with survey trends. 
Inevitably, there will be considerable uncertainty around the 
values of many of the parameters entered into a PVA. 
Therefore, sensitivity testing of the impacts of alternative 
values on the population trends is an important part of PVA. 
Such tests involve running scenarios with different parameter 
values or by sampling, in each iteration of the simulation, 
each parameter value from a distribution describing its 
uncertainty. The variability in the population fates generated 
by the simulation can then be partitioned into that caused by 
the uncertainty in the basic demography of the species, 
uncertainty in the levels of threatening processes impacting 
the populations, and uncertainty in the demographic 
responses to those threats. 

The above PVA approach was used to examine the likely 
impacts of the three main threats limiting recovery of 
endangered southern resident killer whales (SRKWs), 
namely limitation of the whales’ preferred prey (Chinook 
salmon), masking and disturbance from vessel noise, and 

chemical pollution. The modelling focused on assessing 
impacts of current levels of noise and disturbance from 
vessel traffic, as well as predicted increases in noise arising 
from increased oil tanker traffic (Lacy et al., 2017). These 
threats were assessed individually and as cumulative impacts 
in addition to a currently depleted base of the whales’ 
preferred prey (Chinook salmon), with expected changes in 
Chinook abundance. These analyses examined what would 
be required for SRKWs to reach one stated recovery goal of 
2.3% annual growth sustained over 28 years. The importance 
of considering multiple factors is demonstrated here as it was 
found that the recovery target could not be reached through 
mitigation of any one factor alone (a 50% reduction in noise 
disturbance and a 25% increase in the Chinook abundance 
would be sufficient). 

The above analyses focused on a population that is very 
well studied, with 40 years of detailed demographic data, 
assessments of demographic consequences of changing prey 
availability over time, and measurements of the reduction in 
feeding behaviour caused by boat noise. Such long-term 
ecological data are rare. However, the same approach might 
be used to explore possible noise (and other) impacts on 
population projections, with the understanding that the 
results will indicate relative impacts of threats only to the 
extent that the sparse data, proxy species, or expert opinion 
provide plausible estimates of key demographic parameters, 
magnitude of threats, and relationships between threats and 
demographic consequences. Even with such limitations, 
sensitivity testing can help to clarify what is known and is 
not known, document what assumptions and hypotheses are 
made with respect to the threats, quantify the sensitivity  
of outcomes to the uncertainty in parameter values,  
identify research priorities to reduce the more influential 
uncertainties, identify species characteristics that increase 
vulnerability, and test the relative benefits of management 
actions. For example, through a series of four PVA models 
on oceanic dolphin species with different life-histories, 
higher estimated population growth rates (due to longest 
potential longevity and highest birth rates) were associated 
with a higher tolerance of noise (and other) threats, but were 
still reduced to about zero population growth at the highest 
levels tested for any one threat (Ashe et al., In review). 

In common with the PCoD framework, PVAs are limited 
by available data and the best scientific efforts to fill these 
data gaps take time. In some cases, by the time the research 
is completed, the populations under study may already be 
suffering irreversible decline. Despite this, PVAs can be used 
to identify populations that may be most resilient to external 
stressors, and therefore prioritise population protection (and 
research) where it would be most effective.  

Moving models forward 

The PCoD framework and PVA provide approaches for 
understanding the influence of environmental stressors on 
population dynamics. Despite the lack of data to support all 
of the links in any given model, the approaches are still 
extremely useful for organising the way scientists think 
about threats, identifying data gaps, and prioritising species 
and threats for allocation of future research funding. They 
are also promising tools for consideration of masking 
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impacts of populations and provide an opportunity for 
researchers to work with policy makers and managers to 
document ways of reducing the effects of noise. However, 
some stressors may act through multiple pathways, which 
have not been incorporated into any of the PCoD or PVA 
models presented to date. For example, masking may lead to 
a reduction in foraging efficiency as well as loss of mating 
opportunities. Furthermore, it is crucial to recognise and 
emphasise that unknown threats cannot be quantified in 
models. Accordingly, the importance of identifying all 
relevant threats that may affect population dynamics cannot 
be overstated. 

In order to integrate changes in acoustic habitat into 
statistical models of whale population dynamics, we 
highlight the importance of interdisciplinary efforts to: 

(1) provide and incorporate the best estimates of all aspects 
of a model (e.g. functional links, parameters, sound field 
maps) along with associated measures of uncertainty; 

(2) develop model structures and outputs to address pertinent 
management questions about impacts of anthropogenic 
noise and the effectiveness of mitigation to reduce ocean 
noise; and 

(3) use these models as a heuristic tool to help researchers 
define their thinking, construct hypotheses and explore 
uncertainty in ways that may not be possible through 
field studies alone. 

Given current knowledge, one way to model the 
population consequences of loss of acoustic habitat is 
through reduction in foraging opportunities or caloric intake. 
This approach hinges on two critical links: one between 
noise and prey intake; and another between prey intake and 
demography. Prey-demography links are available (or could 
be derived) for several well-studied marine mammal 
populations (summarised in Williams et al., 2016), but fewer 
data exist to quantify effects of acoustic habitat changes on 
prey intake. In particular, data to quantify the link between 
acoustic habitat and prey intake do not yet exist for most 
baleen whale species. We are not suggesting that effects of 
noise on foraging represent the largest pathway of effects 
(e.g. see effects of noise on physiological stress (Münzel et 
al., 2014), but we do believe this to be a tractable way 
forward, given available information. To prioritise future 
work, it is necessary to identify two sets of priority cetacean 
case study species or populations. One set could be selected 
based on urgent conservation needs (e.g. central Baltic 
harbour porpoise). Another set of data-rich case studies  
could be selected to form ‘archetype’ populations that  
would be useful to refine and improve population models. 
For example, prey-demography links are available for  
many baleen whale populations: North Atlantic fin whales 
(Williams et al., 2013); right whales (Meyer-Gutbrod et al., 
2015; Miller et al., 2011) and humpback whales (Robbins, 
2007). Results from future studies on these tractable 
populations may then have to be extrapolated to those 
populations of high conservation priority for which we lack 
sufficient data for direct application of these models. 
Accordingly, fully parameterised models from archetype 
case studies should be evaluated for their potential for 
extrapolation to other species and habitats.  

Regardless, it must be acknowledged that the scientific 
development of PCoD, PVAs and other modelling tools has 
been hindered by a lack of guidance from policy makers on 
the level of risk that might be considered acceptable 
(Williams et al., 2016). A key strength of both PCoD  
and PVA frameworks is the ability to model the likely 
outcome of both continued habitat degradation and habitat 
restoration that would result from management actions. By 
communicating the population consequences of alternative 
management actions (including no action), PVA is an 
effective tool for communicating the risk and benefit of 
alternative management options to stakeholders, managers 
and policy makers. 

SUMMARY 

Noise is one of many stressors in the environment in which 
cetaceans live. Therefore, noise should be explicitly 
considered as part of a suite of cumulative effects in models 
being developed for cetacean conservation and efforts to 
manage anthropogenic impacts. We thus recommend that 
noise impact models should consider single noise stressor, 
aggregate noise stressors, and the combination with other 
non-acoustic stressors. 

While efforts are already being undertaken to evaluate the 
impacts of loss of acoustic habitat on foraging, similar 
research must be initiated to look at other impacts of noise 
on other life functions (e.g. breeding). Specifically, research 
is needed that explores the linkages between masking of 
sounds/loss of acoustic habitat and the effect on other life 
functions, similar to what has been done with the examples 
presented on foraging. 

Despite the remaining data gaps, the IWC-SC has 
recognised emerging evidence that compromised acoustic 
habitat can affect some cetacean populations adversely 
(IWC, 2006; King et al., 2015). The IWC-SC has noted that 
there is now compelling evidence that chronic anthropogenic 
noise is having an effect on the marine acoustic environment 
in many regions (Clark et al., 2009; Hatch et al., 2016; 
Moore et al., 2012), and may be a significant factor in 
governing population dynamics of some cetacean species 
(Lacy et al., 2017). Given cetacean dependence on listening 
to and producing sounds for their survival, we recommend 
that a focus on acoustic habitat quality become a routine part 
of research and management activities designed to guide 
cetacean conservation efforts. 

While we acknowledge the inherent difficulty of drawing 
causal linkages between loss of acoustic habitat and adverse 
effects on cetacean populations, we believe that the lack  
of scientific certainty should not hinder management  
actions to reduce ocean noise. We thus recommend that 
management efforts be undertaken to keep quiet areas quiet 
and make noisy areas quieter (Williams et al., 2015). Ships 
that contribute disproportionately to ocean noise levels 
should be considered a priority for replacement or 
application of ship quieting technologies (Veirs et al., 2018). 
Some approaches to reducing ship noise (e.g. re-routing) 
may involve displacement of efforts, or tradeoffs (e.g. 
between noise amplitude and duration of exposure inherent 
in any speed limit Veirs et al., 2018). Addressing these 
tradeoffs will involve decisions to be made on a case-by-case 
basis.  
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Finally, in any research or management effort, climate 
change is a major potential confounding variable that  
will likely be introducing a complex array of multiple  
new stressors into any given system. The IWC-SC has 
recommended that reducing the most tractable stressors, such 
as anthropogenic noise, will offer managers a means to 
increase populations’ resilience to climate change and 
improve future prospects for cetaceans (IWC, 2016). 
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