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Introduction 

Why Investigate Effects of Anthropogenic Sound? 
Sound propagates very effectively underwater.  Acoustics is the dominant underwater sensory 
modality for most marine mammals: they have very sensitive hearing and make extensive use 
of both passive (sound reception) and active (sound production) acoustics in their daily lives, 
to communicate, navigate, find their food, detect predators and maintain social bonds. Many 
human activities produce noise underwater, some at very high levels and extending for long 
periods of time (Table 1). Anthropogenic noise in the ocean is reaching higher levels and 
extending further as human activity in the ocean increases and moves into deeper waters and 
as new more powerful sound sources are introduced. Concern about the harmful effects that 
such “acoustic pollution” could have for marine mammals has also grown over the last few 
decades. Underwater noise has been demonstrated to have a range of effects on marine 
mammals from physical and hearing damage, through behavioural disruption and masking 
effects that could limit the ability to echolocate or communicate (Richardson et al. 1995). 
Chronic exposure to noise is also a well-established cause of stress in terrestrial mammals and 
can be expected to have similar effects on marine mammals. There are valid reasons for being 
concerned about both acute physiological and behavioural effects for smaller numbers of 
animals exposed to high sound levels, and the disruption of behaviour or chronic adverse 
physiological changes that might result from exposure of much larger number of animals to 
lower levels of sound. While most research separates physiological and behavioural effects, 
these may interact to amplify impact. For example, it appears that beaked whales exposed to 
sound levels high enough to cause non-lethal injury may strand and die from an intense 
behavioural reaction to the exposure and injury (Evans and Gordon 2001). 
 
The ongoing debate on the significance of various sources of noise for individuals and 
populations of different marine mammals is hampered by a woeful lack of understanding and 
hard data.  In no small measure, this results from the difficulty and expense of working with 
such intractable animals in their natural environment and the inadequate levels of research 
support that have thus far been available to study the impacts of the activities of interests such 
as offshore oil exploitation and the military with annual global budgets of billions of dollars.  
Understanding the significance of anthropogenic noise for marine mammals, and devising 
strategies for eliminating or minimising harmful effects, will require a very significant 
research effort using a variety of techniques and approaches, and it is imperative that the most 
effective of these are used to answer the most pertinent questions.  In this workshop, 
participants considered the following questions relating to one of these research approaches: 
the use of experiments involving the controlled exposure of marine mammals to 
anthropogenic sounds.   

 
• What are controlled exposure experiments?  
• What sort of questions can they be used to address? 
• How can they be most effectively carried out and analysed? 
• What guidelines should be followed to minimise any risks to the subjects from 

the controlled exposure itself? 
• Political considerations 
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Table 1.  Overview of the World’s Anthropogenic Sound Sources 
 
Source 
(Richardson 95) 

Broadband 
Level (dB re 1 
µPa at 1 m) 

Approximate Number 
Occurring in the World 

Dominant 
frequencies below 
1kHz? 

Outboard 155-175 106 No 
Large tanker 180-200 104 Yes 
Icebreaker 190 10 Yes 
ATOC 195 1-2 Yes 
SURTASS-LFA 215 2-4 Yes 
Mid-Freq sonar 230+ 103 No 
Air gun arrays 235-260 dB 102 Yes 
Explosions 280+ 103 Yes 

 
 
 

What are Controlled Exposure Experiments (CEE)? 

For the purposes of this workshop, CEE will be considered to be: 
 
A field procedure in which controlled doses of noise are applied to focal animals for the 
purposes of assessing their behavioural and/or physiological responses.   The stimulus, which 
may be either real (generated by the noise producing object itself) or synthetic (e.g. from a 
speaker), will be under the control of the experimenter. 
 
CEEs share some properties with “playback” experiments: a technique that ethologists have 
long used to investigate animal behaviour (especially communication in birds, amphibians 
and some land mammals).  Much can be learned from the methodological experiences of 
research groups that have conducted playback experiments (e.g. McGregor, 1992) and these 
lessons should be applied to CEE. 
 

 

What Questions Can CEEs be used to Answer? 

In this workshop we were principally concerned with the use of CEEs to answer questions 
related to the management of anthropogenic noise. 

Identifying Management Objectives 
Controlled exposure experiments will usually be undertaken to better understand the effects 
of anthropogenic noise on marine mammals.  Such investigations should be driven by specific 
management objectives, which will change for different circumstances and regions.  Much 
legislation is couched in terms of conservation, usually the maintenance of viable populations 
and functioning ecosystems, but animal welfare considerations are often a matter for public 
concern and may also be a focus of legislation.    For example, the US Marine Mammal 
Protection Act (MMPA) prohibits harassment of individual animals as well as protecting 
populations.  Harassment as defined by the MMPA includes activities with a potential to 
injure an animal as well as activities that disrupt behavioural activities. 
 
In situations where marine mammal populations have a financial, cultural or religious 
significance, important management objectives may include fostering these human activities.  
For example, both consumptive (e.g. whaling) and non consumptive (e.g. whale watching) 
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use of marine mammals could be affected if the distribution of animals was changed or if 
individuals became harder to approach as a result of noise exposure.  Many commercial 
enterprises and members of the public purport to operate from a perspective of environmental 
responsibility. This demands the avoidance of unnecessary disturbance and the identification 
and adoption of less disruptive options wherever possible.  
 
It can be argued that, when conservation considerations are pre-eminent, population level 
effects are of most concern and short-term responses may have little impact on population 
processes.  In which case, improving understanding of short-term reactions may not seem to 
be a key knowledge requirement.   This flags a fundamental dilemma, which is worth 
exploring here.  Given the difficulty of defining marine mammal populations and assessing 
abundance, population level effects will be very difficult to detect unless they are very 
dramatic (Taylor et al. 2000).  Further, any natural population is subject to so many different 
natural and man made effects that proving cause and effect, i.e. showing that a population 
decline was really caused by a noise source and not by some other factor, will be extremely 
difficult.  Certainly, any team of scientists motivated to argue a contrary position would have 
a wealth of alternative hypotheses to work with.  It may also be the case that during a period 
when populations were increasing for other reasons, the deleterious effects of a human 
activity, which could be significant when conditions were less favourable, might be masked.  
Most fundamentally though, population level responses in marine mammals are long-term 
effects that, by definition, will take a long time to detect, and cannot be observed until they 
have occurred.  It is neither good management, nor ethically defensible, to allow population 
level effects to occur before identifying and addressing potential problems.   It will be up to 
biologists to interpret information on short-term responses of individuals from CEEs and 
assess how likely they are to be of biological significance.  Generally, it will be most 
appropriate to use a suite of complementary research approaches including short-term 
investigations of individual response and longer term monitoring of populations. 
 

Identifying the Key Knowledge Gaps 
We know very little about the effects of noise on marine mammals.  An approach that has 
proved very useful for protecting humans from environmental risks in the face of uncertainty 
involves risk assessment coupled with decision analysis. Harwood (2000) encourages the use 
of a risk assessment framework for wildlife conservation management and provides examples 
of how this might be applied to reducing the by-catch of small cetaceans.  Figure 1 illustrates 
the risk assessment framework developed for assessing the effects of chemical pollutants on 
human health by the US Environmental Protection Agency. 
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Figure 1. Schematic of risk assessment procedures. 
 
 

A key feature of risk assessment is the development of models that include an assessment of 
the consequences of uncertainty about the various parameters.  When following a 
precautionary approach, conservative (precautionary) values should be incorporated when 
uncertainty exists.  However, these pessimistic values can be challenged with empirical data 
and if appropriate, revised.  The risk assessment process will help to identify those parameters 
that contribute most uncertainty, and direct research accordingly.  The expense, difficulty, and 
long times required for much of this research strongly argues for careful risk assessment to 
direct research efforts to most effectively reduce uncertainty. By an iterative process, risk 
assessment models can be repeatedly challenged by new data and refined to reassess policy.  
One attractive aspect of this framework is that noise producers may be motivated to fund 
research to reduce uncertainty around parameters that they consider overly pessimistic. 
 
Harwood proposed in the St. Andrews workshop that the following steps could be followed in 
considering a new threat to wildlife. 
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• Assemble stakeholders to agree on available information, aims of management,  
acceptable levels of risk 

• Identify potential management scenarios 
• Develop models of processes and challenge them with data 
• Incorporate uncertainty 
• Assess performance of different management procedures 

 
The development of the research project to study effects of the SURTASS LFA sonar 
involved a similar process. Stakeholders met many times, but unfortunately did not agree on 
the definitions of zones for different levels of risk.  Such conflicts could perhaps have been 
addressed through the process of developing and testing models of risk, at worst, such a 
process would encourage clear thinking and help identify research priorities.  
 
 

Advantages and Shortcomings of a Controlled Exposure Experimental Approach 
 
A question posed in all the workshops was: “When should one use CEE versus other research 
approaches?” The short answer is that CEEs should be considered when they promise to offer 
the most effective methodology for providing the key information that is required for 
effective management. 
 
CEEs will entail some additional acoustic disturbance, and should therefore only be 
considered where research is clearly focused on providing information needed for 
management. In evaluating whether to conduct a CEE, a cost-benefit analysis should be 
conducted comparing any potential risk to the subjects to the benefits of the results to the 
population. Without prejudging the results of any risk assessment we can safely assume that 
effective management will require information on the hearing abilities of marine mammals, 
the potential for physical and auditory damage, short term behavioural effects, the potential 
for masking and long term consequences for populations.  CEEs will generally only be useful 
for answering a subset of these questions.   
 
Field CEEs (as defined here) are not an appropriate way of investigating physical injury or 
hearing damage; in addition to ethical considerations, it would prove very difficult to expose 
wild animals to sufficiently intense sounds for prolonged periods and to subsequently assess 
any damage caused.  (However, CEEs could be used to assess pre-existing hearing 
impairment in individual animals by studying the received levels or signal to noise ratios at 
which animals react to exposure to a meaningful sound.) 
 
Similarly, CEEs are not suitable for investigating responses to long-term exposures. It is 
difficult to imagine a setting justifying long-term experimental exposure of wild animals and 
no CEEs have developed techniques to monitor responses of individuals over periods of more 
than a week or so.  
 
The utility and power of CEEs lies in providing a sensitive measure of short-term behavioural 
responses to particular stimuli. They are principally useful for investigating short-term 
behavioural and physiological responses to sounds.  They should be more powerful for 
investigating responses than non-experimental approaches as they allow control over many 
factors such as age, sex, individual experience, location, time and season.   
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Experiments Versus Correlation Studies 
During the initial workshop in St Andrews a substantial amount of time was spent in 
discussing whether an experimental approach or correlational studies (looking for responses 
that were correlated with noise exposures that were not controlled by the research team) were 
more appropriate for investigating effects of anthropogenic noise.  The most important point 
to make here is that these are not mutually exclusive, and in most cases research involving 
both approaches will be required. In addition, careful modelling studies may also sharpen the 
focus on the most critical uncertainties, if not resolve them.  Further, there is no one right 
answer, the effectiveness of each approach will depend on the specific circumstances, 
including the species being investigated, the noise source and the ease with which it can be 
reproduced, and the research location.   
 
 
Some general points to consider when decisions have to be made between these two include: 

 
• Experiments represent particularly powerful methods for establishing cause and 

effect relationships. 
• CEEs may be more expensive to conduct, but if they are more powerful in a 

statistical sense, less research will be required and the answer may be found more 
quickly.  How these costs and benefits balance will vary from case to case. 

• When knowledge of responses to a new sound source is required before that 
source comes into general operation (in the case of a new sonar for example), 
then experiments are the only option. 

• CEEs may also allow investigation of responses in naive animals (animals that 
haven’t experienced the sound before) and may allow work to be conducted in an 
area where research conditions, are favourable, e.g. access to animals, good 
weather, a known and studied population, in which the sound source does not 
operate normally. 

• Correlational studies examine effects of noise pollution events and do not require 
additional noise inputs into the marine environment.  Controlled exposure 
experiments will always involve the production of extra noise in the environment.  
The extent to which this is an issue will depend on the power of the sound source 
being used, the duration of the experiment and the sensitivity of the animals 
exposed. The use of a sound source in experimental conditions in which 
transmission will be controlled, responses of animals will be monitored and the 
experiment can be halted if any deleterious responses are observed should carry 
fewer attendant risks than “normal” uncontrolled exposures.  Ultimately, any 
risks must be weighed against the advantages of speedily gaining an 
understanding of a potential environmental threat.  Clearly, suitable risk 
minimisation measures must be rigorously applied.   

• The costs and logistical difficulty of broadcasting underwater sound for CEEs 
will vary depending on source type.  This can become an important consideration 
where it is necessary to reproduce very powerful noise such as seismic airgun 
arrays or military sonar.  These may be very expensive and logistically difficult to 
produce, favouring studies other than experimental ones.  Another approach 
involves modelling of sound source characteristics, acoustic propagation, 
physiology, audition, and vocalizations. Such models may need to estimate 
poorly known parameters, and the modelling exercise can help determine the 
most critical unknowns. For example Erbe (1997) has used this kind of modelling 
to estimate how vessel noise masks communication in beluga whales, and she 
then tested masking with captive belugas to test her predictions. 
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How can CEEs be most effectively carried out: Methods and Experimental 
Design 

CEEs have many features in common with ethological playback experiments and much can 
be learned and applied from this better developed field.  A NATO working group on the 
design of playback experiments was held in 1992  (McGregor, 1992).  This addressed 
methodological issues that are relevant to CEE.  Four important considerations highlighted by 
the workshop were. 

• To avoid pseudo-replication, experiments should be appropriate to the hypothesis 
being tested. 

A particular criticism of early playback efforts was that in some cases an 
insufficient number and diversity of signal types and experimental subjects had 
been tested to allow general inferences  to be made about the responses of 
members of a population or species to a call type.  This concern applies equally to 
CEEs.  If broad statements are to be made about the effects of general noise types 
on members of a species then a sufficient number of experiments must be 
conducted.  These should represent the diversity of signal types and an adequate 
number of animals from both sexes covering the full range of ages and 
motivational states. If only a limited range can be tested then, this should include 
animals thought to be most sensitive to acoustic disruption. 

• Experiments should exhibit "external reference" or “ecological validity.”  This refers 
to the extent to which the experimental procedures reflect situations that are typical of  
the real world. 

• Experiments should be designed to have biological relevance and test biologically 
significant responses. 

• Experiments should be designed to avoid bias from observer effects. 

Wherever there is a subjective component to the recording method, or where the 
observation process itself may influence the behaviour it is essential that playbacks should 
be conducted “double blind” to eliminate the possibility that scoring and reporting of 
behaviour is influenced by knowledge of the experimental condition.  A discussion of how 
this might be achieved during CEEs is summarised in a later section. 

Additional Methodological Considerations 

Sources of variation in response 
It is important to recognise that several factors may affect how any particular individual 
responds when exposed to a noise.  These include: 
 

Noise exposure histories and experience of subjects 
Habituation and sensitisation may occur as the result of multiple exposures of individuals.  
Different results may therefore be obtained with CEEs conducted with more or less naive 
populations.  This raises the question of which, if either, should be taken as being most 
representative.  The expected spatial and temporal patterns of noise exposure may be 
relevant here. Where possible experimenters should  keep track of exposure history of 
individuals and test for habituation/sensitisation effects. 

Behaviour and context 
CEEs conducted in different contexts (e.g. in offshore/inshore, confined/exposed locations, 
in the presence/absence of predators, with subjects in social groups/alone) may produce 
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very different responses.  Studies that test such variability may identify situations that result 
in heightened sensitivity.  It is  recommended that experiments should be repeated with 
animals exhibiting a range of different behaviours, with emphasis on those likely to be most 
vulnerable and most biologically significant.  

Variation in Received Noise 
Some man-made sounds (e.g. airgun, sonar) are very predictable at source, indeed some are 
specifically designed to be so.  Others, such as shipping, drilling, may be more variable.  In 
addition, environmental conditions, such as water depth, animal depth, and propagation 
conditions will all affect the characteristics of received sound.  Accounting for such 
variability requires experiments that cover the whole range of factors.  However, this 
generality can only be achieved by sacrificing statistical power.  Often the most sensitive 
tests for responses will be obtained by comparing matched observations with experimental 
and control exposures to the same individuals, occurring close in time and in similar 
conditions.  In some cases it may be possible to remove the more predictable effects of 
some of these factors using a modelling approach. 
 

Choosing behavioural and physiological parameters to measure responses 
As far as possible, researchers should measure effects on behaviours that are biologically 
relevant and can be linked to long-term consequences.  Other relevant considerations are 
that statistical power will be higher when behaviour that is predictable and has low inherent 
variability is measured and that measured behaviours should be those that can be easily and 
reliably observed using methods which are not susceptible to bias. 

 
The most appropriate experimental design to apply at any particular time may depend on 
the animal’s behavioural state.  For example, a protocol that can be easily applied when 
animals are travelling may not be appropriate when animals are socialising.  The 
experimenter may require several alternative protocols, which may involve measuring 
different behavioural cues, with the animal’s behavioural state determining which is 
applied. 

 
The importance of having an in-depth appreciation of the biology of the study animals and a 
good knowledge about the particular population being observed cannot be over-emphasised.  
Where possible and acceptable, it is advantageous to conduct research with populations that 
have been subject to long-term studies and work in close collaboration with those that 
carried out that research. 

 

Prioritising species and individuals as focal animals for exposure experiments 
Ideally a research project would study all species inhabiting the affected habitats, but this 
will rarely be feasible.  A priority should then be to study a representative selection, and 
within this prioritise: 
 

• Species that are believed on the basis of their auditory characteristics or other 
biological features, to be particularly vulnerable. 

• Species with poor conservation status (though consider using a surrogate species 
where possible if it is thought to be equally acoustically sensitive). 

• Species that on the basis of their behaviour or distribution are likely to be most 
heavily exposed to sound being investigated. 

 
Within species, studies should be conducted on populations for which long-term data are 
already available.  Within populations, both sexes and all age classes and behavioural states 
should be studied.  Those classes thought likely to be most vulnerable to short term and 
long term disruption.  (e.g. calves, mothers, breeding animals) should be given highest 
priority.  At first sight this may not appear to be a very precautionary course of action, but 

 11 



 

research which does not measure effects on the most vulnerable individuals may seriously 
underestimate the degree to which they may be affected.  To the extend that results of CEEs 
are used to regulate noise exposure, the precautionary course is to select the most sensitive 
animals for study. 

 

Controlling for the effects of the observation and playback vessel 
When experiments are conducted in the open ocean, both a playback vessel (carrying a 
sound source) and an observation vessel may be involved.  Potentially, these platforms on 
their own could have an effect on the subjects.  Clearly, it is important to choose vessels 
that have a minimal impact; generally these boats should be as quiet as possible and keep as 
far away from the subjects as is consistent with the collection of good data.  In addition, 
their effects should be controlled for by having them present, and behaving in exactly the 
same way, during both experiment and control conditions.  Employing double blind 
procedures will help in achieving this. In some circumstances it may be necessary to test 
whether the presence of the vessels may influence the responses of the subjects to CEE 
stimuli, but this usually would be a secondary effect. 

 

Achieving a Double Blind Procedures During CEE 
There are many subtle ways in which an observer/experimenter's knowledge of the 
exposure at any particular time could unwittingly influence both the way that data are 
collected and scored and the way that experimental protocols are applied.  For this reason it 
is desirable that procedures such as CEE should be conducted "double blind" with those 
conducing the experiment and those collecting the data scoring responses being unaware of 
the experimental treatment.  

It was recognised however that achieving this during CEEs would pose practical problems 
in many field setting.  For example, some ingenuity may be required to achieve a double 
blind protocol on a small boat, especially when it is important to monitor hydrophones for 
other reasons, for example to monitor vocal responses.  It may also be necessary for some 
of the team to know playback conditions in real time so that experiments can be halted or 
modified if adverse responses are observed. 

Where studies use telemetry data or where automated acoustic detection programs are used 
to quantify vocal responses, observer bias or influence during the behavioural categorisation 
stage is unlikely to be an issue.  Where human scoring of behaviour is necessary, 
behavioural data recorded on video and/or audio tape can be analysed independently by 
researchers with no knowledge of exposure conditions.  (Making a backup record of CEEs 
in this way is good practice anyway.)  Where underwater sound recordings need to be 
analysed, for example, to assess changes in vocal behaviour, the experimental condition 
will often be obvious to the analyst because the playback sound will be audible on the 
recording.  A potential solution here will be to mix samples of playback sound on top of 
recordings for both the exposure and non-exposure recordings before they are analysed. 

A double blind procedure also requires that the observer cannot determine when an 
exposure begins -- this is to avoid inadvertent cueing to particular behaviours.  While the 
reasons for requiring this are clear, it may not always be desirable in CEE.  It may often be 
necessary to start an exposure at a particular time in a behavioural cycle, when an animal is 
at the surface and within a certain range for example – or when other conditions are 
favourable for collecting a certain type of data.  A compromise may be for the experimenter 
to decide approximately when the exposure should occur (based on a predetermined set of 
conditions) but for there to be a random time delay before its onset so inadvertent cuing of 
playback on significant behaviours could be avoided.  In effect, the experimenter does not 
have control of the broadcast start time at the temporal scale at which responses will be 
analysed.  During CEE it may also be necessary for at least some of the team to be aware of 
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sound exposure conditions and to monitor behaviour in real time so that CEEs can be halted 
if responses are observed that cause concern. 

 

Measuring Masking with CEE 
One of the potentially deleterious effects of noise in the marine environment is the masking 
of biologically significant signals.  Field playbacks of both signals and masking noise could 
be used to investigate this process.  One indication that masking may be occurring would be 
changes in the characteristics of vocalisations, used for echolocation or communication, that 
seem to be adaptive in reducing their vulnerability to masking.  For example, (Au et al., 
1985) report that a beluga changed its echolocation signals in an apparently adaptive way 
when moved to a location with raised levels of background noise.  During a CEE 
experiment, a potentially masking noise could be broadcast to investigate whether animals 
adapted their acoustic signals in response to noise exposure.  Another approach would 
involve the playback of both signals that elicited a predictable response (these might be the 
calls of predators or, for breeding males, vocalisations of receptive females) and noise.  The 
received levels at which responses occurred for different levels of noise could then be 
investigated  (e.g. Lesage et al., 1999).  Noise could either be generated experimentally or 
CEEs could be conducted in different normally occurring noise fields. 

 
 

Equipment and Practical Considerations 

UW Sound Sources 
The ease with which a particular sound can be produced during a CEE is an important 
consideration.  For example, it is easy to produce simple high frequency signals such as 
those from “pingers” designed to reduce fisheries bycatch, but very large sound 
transmission equipment may be required to broadcast powerful low frequency signals.  The 
only way to produce the sound of a supertanker or a full-scale air gun array is to operate the 
object itself.  This may be logistically difficult and extremely expensive and will often 
necessitate close cooperation with industry/military which can create additional constraints 
and complications. 
 
In some cases though, this may prove logistically difficult and very expensive.  A smaller 
noise producer may serve as a surrogate for a larger one, e.g. the signal from a single 
airgun, which can be operated from a small vessel, may have many of the characteristics of 
a full scale array (which will generally need a specialised vessel to deploy it). On the other 
hand, arrays of airguns are designed to focus sound energy downward. The signatures from 
airgun arrays propagating horizontally are spatially complex and poorly defined. They will 
almost certainly differ from the precise signatures from a single airgun, which is 
omnidirectional. 

 
Playing back recordings from an underwater loud speaker can offer flexibility but powerful 
sound projectors capable of reproducing low frequencies are specialised and expensive 
pieces of equipment.  In any experiments involving underwater transmissions it is important 
to ensure that only high quality recordings are used and that other cues, which would not be 
present with the real sound source, are not broadcast.  Therefore, during playback 
experiments it is important to monitor underwater sounds with calibrated hydrophone 
equipment to be sure that the intended signals are actually being broadcast. 
 
Other characteristics of the sound source, for example, whether or not it is moving, how it is 
oriented and moves with respect to the subject (approaching or receding), may also be 
important considerations during a controlled exposure experiment.  
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Sources of UW projection equipment 
Underwater sound production equipment can be difficult to obtain.  Some sources that 
participant had used or were aware of are summarised below.   

 
• The US Navy Underwater Sound Reference Detachment maintains calibrated 

sound sources that can be rented to the research community 
(www.npt.nuwc.navy.mil/USRD/xducers/).   

• One promising piece of low source level equipment that has recently become 
available is the Broadband Acoustic Transmission System (BATS) produced by 
Sensor Technology.  This is a compact self-contained unit that operates off a 12V 
battery. The BATS system operates over a 1-14 kHz frequency band. With source 
level at any given frequency in the band being limited to about 165 dB//1µPa-m 
(http://www.sensortech.ca/) 

• Pool speakers are becoming more easily available with the popularity of 
synchronised swimming, and may provide a less expensive alternative to military 
sources.  Lubell Labs (http://www.lubell.com/) makes as variety of quite 
powerful UW speakers.  The LL 1424 for example operates over a frequency 
range 200Hz - 9kHz (+/-3dB between 430Hz - 4kHz) and has a peak source level 
of 193dB/µP@ 1m at 600Hz. 

How powerful a source should be used? 
A source should be loud enough to be capable of exposing an animal to sounds that span the 
range of received levels being investigated.  If regulations set an acceptable upper limit of 
exposure then it will be important to test responses to exposures up to this level to be able 
to determine that adverse responses do not occur.  In practice, this may dictate using large 
and powerful sources.  Smaller sound sources at close range may not adequately mimic the 
effects of larger sources at greater ranges because cues to range (such as reverberation) will 
not be present and received levels will tend to drop off more rapidly as an animal moves 
away from a small source close by.  By the same token, at short ranges, error in estimates of 
the length of the transmission path will result in greater errors in estimates of received 
levels.  This makes it more difficult to predict the transmission loss to adjust the source 
level to expose the subject to a specific received level. 

 
Large sources may present logistical and budgetary problems.  An additional consideration 
is that a much greater area will be ensonified so that more non-target animals may be 
exposed to elevated sound levels.  Where a powerful novel source is being tested, CEEs 
should be subjected to the same Risk Assessment analysis as suggested above.  Best 
available knowledge should be used to generate suitable models.  Adopting a precautionary 
approach, tests should be carried out within the bounds of these models and results obtained 
should be used to modify these limits (see below). 
 

Methods for estimating received levels  
The source level of the playback sound should be predictable and can certainly be 
measured.  Assessing the level that the animal receives is less straightforward.  It will 
always be useful to have a reliable model for propagation loss over the ranges at which 
CEEs take place and to test this empirically.  If the animal’s location, range and depth, are 
known, then received levels can be estimated using a verified propagation model.  These 
predicted received levels should be confirmed in tests using a calibrated hydrophone. 

 
The range to animals seen at the surface can be measured using a variety of methods (e.g. 
laser range finding binoculars, measuring declination from the horizon with binoculars or 
video). However, calculating received levels in these conditions where the animal’s ears are 
in an acoustically complex region close to the surface is likely to be unreliable.  In addition, 
water noise and breathing noises may mask sounds when animals are close to the surface. 
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When animals are away from the surface the acoustic environment may be more predictable 
but it is more difficult to determine the animal’s location.  Possible means of determining 
this in real time include using tags incorporating a depth sensor. If realtime feedback on an 
animal’s depth or exposure are required, this may be achieved using a high frequency 
acoustic transponder, although care must of course be taken to ensure that the transponder 
signals are not audible to the subject. Other methods for three-dimensional tracking of 
marine mammals during a dive include active or passive sonar. Several groups are working 
on high acuity active sonars to track marine mammals, and this can be linked with the use 
of a transponder on a focal animal (Watkins et al. 1993).  Ridoux et al. (1997) used multi-
beam scanning sonar to investigate the UW behaviour of bottlenose dolphins without 
transponders.  Potentially at least, dispersed hydrophone arrays can be used to locate 
animals swimming within or close to the array using localization techniques based on the 
arrival times of their own vocalisations or sound from an attached telemetry device.  
(Watkins & Schevill, 1972) pioneered the use of such arrays for locating marine mammals 
by their vocalisations.  These early trials required a great deal of post processing.  
Nowadays it should be possible to calculate locations in near real time, especially using 
multipaths to estimate the range and depth of the vocalising whale (Thode et al. 2002), but 
we are unaware of any group that has published on real time passive tracking.  Real time, 
high resolution 3D tracking of animals fitted with pingers has been achieved for ice 
breeding seals (Kelly & Wartzok, 1993; Harcourt et al. 2000) and tracking at sea is feasible 
with currently available equipment. 

 
A method that avoids the need to estimate transmission losses, is to record received levels 
on the animal.  Acoustic recording tags have been deployed on several species. Fletcher et 
al. (1996) deployed the first of these recording tags on elephant seals. More recently a team 
from Woods Hole Oceanographic Institution have deployed tags on right, fin and sperm 
whales using suction cup attachments (Johnson and Tyack 2003).  As well as recording 
sound, the WHOI tag measures and logs depth, orientation, and acceleration in great detail.  
These tags may be particularly useful during CEE because they allow both the received 
levels and the animal’s responses to be measured accurately. 
 

Measuring marine mammal responses to noise. 
Visual and/or acoustic observations can provide detailed data on changes in patterns of 
movements, respiration and vocalisations, and are especially useful in cetacean studies.  
Most pinnipeds are difficult to observe at sea and are often silent.  Various telemetry 
techniques and data logging devices have been developed which provide detailed and 
objective data that allow us to monitor their reactions to transient stimuli.   VHF, satellite 
linked UHF and acoustic telemetry are now routinely used to collect time series of data on 
location, dive behaviour, swim speed, stomach temperature and heart rate.  The lack of non-
disruptive and effective attachments has restricted their use on cetaceans, but recent 
developments in suction cup tag attachments mean that these methods are becoming more 
widely available for cetacean studies. 

 

Guidelines for Minimising Risks Posed by CEEs 
As CEEs are often used to explore the potential for noise to have harmful effects on marine 
mammals the risk that the experiments themselves may harm their subjects needs to be 
assessed and minimised.  As suggested above, the use of CEEs with novel sources should 
be subject to the same type of Risk Assessment exercise as any other acoustic emission.   
Without prejudging the results of such an exercise, there are aspects of CEE work that 
should always be considered. 
 
CEE experiments will usually aim to expose animals to levels that elicit behavioural 
responses.  It may be that such behavioural responses would have deleterious effects for 
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individuals if exposures continue over long periods of time, but CEEs are only short-term 
events. CEEs are not appropriate for investigating the tissue and hearing damage effects that 
may be caused by exposure to very high sound exposure levels, so no animal would ever be 
intentionally exposed to these levels.  In some cases, the sound sources employed will 
simply be incapable of transmitting sounds powerful enough to have these effects.  Where 
the source level is sufficiently high to present a risk of injury, then sound levels at the 
subjects must be carefully controlled to minimise the risk. 
 
Clearly, when conducting CEEs precautions must be taken to minimise exposure and any 
potential risks. 
 
The following precautionary procedures are recommended 

• Experiments should start by exposing animals to low received levels and increase 
levels gradually until a response is observed.  (A potential problem with this approach 
is that it may result in habituation, leading to a bias in the results with higher response 
thresholds being observed.) This can be addressed once a response is observed at a 
particular level to redo the experiment with new subjects starting just below the level 
at which the response was observed. 

• Experimenters should be aware of the location and behaviour of the closest animals 
during an experiment and minimise the possibility that there are other undetected 
animals closer than this.  

• Work should only be conducted in the best weather conditions so that the possibility 
of not detecting animals close to the source will be minimised. 

• Only consider CEE when all factors; weather, equipment, team etc. are of the highest 
quality and funding is adequate.  This will maximise the useful data collected from 
each exposure and minimise the number of exposures required to answer a particular 
question. 

• The potential for CEEs to disrupt other scientific research or commercial activities 
such as whale watching should be considered and minimised.  As noted earlier, there 
are great advantages to working in collaboration with teams conducting long term 
research programs on populations. 

 

POLITICAL CONSIDERATIONS FOR INVESTIGATING EFFECTS OF NOISE 
EXPOSURE 

In many cases there will be strong vested interests and entrenched views on both sides of 
issues being investigated with CEE.  In particular, many industrial and military users could 
be severely inconvenienced if results of studies show harmful effects of man-made noise.  
These considerations will apply to those working on noise issues whatever research 
methods they use, and of course, this is a problem common to any scientific investigation 
that affects powerful vested interests.  One issue specific to CEEs involved the intentional 
exposure of animal subjects to manmade noise. Some groups may oppose intentional 
exposure even when this is for the purpose of obtaining data critical for establishing 
regulations to protect animals from noise. 
 
Participants considered that to minimise influence on the scientific teams doing the work 
and maximise the possibility that their research will faithfully reflect the real situation: 
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• Researchers must be independent, buffered from the influence of vested interests and 

should be free to publish their results speedily, openly, and ultimately in peer-
reviewed journals.  Powerful vested interests may exist on “both sides” of the any 
particular issue. 

• “Polluters” should pay for necessary research, but funds should be routed through a 
structure that ensures that they have no control over the choice of researchers, the 
conduct of research, or dissemination of results. 

• Research should be focused on providing the answers needed for management.  The 
existence of a research project should not be used as an excuse for a delay in taking 
conservation action. 

• Different research groups interested in the effects of a particular noise source on a 
particular group of animals should coordinate to avoid unnecessary duplication. 
This is important not just to minimise the potential risk to subjects, but also to 
organize the strongest research effort to do it right the first time. 

• Where there is a great deal of uncertainty, as is the case here, a precautionary 
approach should be adopted, though this is difficult in situation where many noise 
producing activities are already well established, widely accepted and considered 
essential (e.g. shipping). 

Some groups may oppose CEEs on ethical grounds, since they involve the intentional 
exposure of marine mammals to noise. They may hope to rely on a strong interpretation of 
the precautionary principle to protect marine mammals given our ignorance of the effects of 
many noise sources, but as the last bullet mentions, this stance is not very practical. Under a 
truly precautionary stance, no motorized ship would ever leave the harbor. The status quo is 
that marine mammals are exposed to hundreds of noise sources with unknown impact. 
Some may be trivial, others may pose an acute threat to animals that get too close, others 
may act in concert to chronically affect the health of populations.  The critical role for CEEs 
is to help define where the real risks lie, and to direct regulation in this direction. It may 
seem perverse to some conservationists to object to intentional exposures of a few animals 
that are specifically designed to inform policies designed to protect the vast majority from 
exposures that would otherwise be uncontrolled.  However, these are the kinds of concerns 
that impose a special burden on those who conduct CEEs to focus them on the most urgent 
problems, to design the experiments to minimise impact on the subjects, with maximum 
benefit to the populations involved. 
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 Appendix 1 
 
 

CONTROLLED EXPOSURE EXPERIMENTS.   ROME EUROPEAN CETACEAN 
SOCIETY  WORKSHOP 

 

Timetable 

 
09-30  Opening comments and practical details. 
 
09-40 Peter Tyack. Sound issues, what should we be worried about and when  
            and how  CEE should be used.  Report from preparatory workshop  
            held in Boston. 
10-20   Jonathan Gordon. CEE. Scientific, methodological and practical 

     considerations. Report from preparatory workshop at SMRU. 
 

11-00  Coffee 
 
11-30  Dave Thompson.  Playback of seismic airguns to seals. Was it worth it? 
11-50  Jonathan Gordon. CEE of ATOC sounds to sperm whales: lessons to be learned 
12-10 Angela D’Amico. Lessons Learned during Fin Whale Focal Follow Observations  
            during Sirena 01   
 
12-30  Lunch 
 
13-30 Michel André Controlled Exposure Experiments on Sperm Whales in an Area of   
            Heavy Shipping   
13-50   E. Degollada.  Non-anthropogenic pathologies of the cetacean sound  
            reception: a possible bias in the CEE analysis.   
14-10   Peter Tyack,  TBA 
14-50   Afternoon questions and answers 
15-10   Coffee  
15-50   Panel Discussion moderated by Mike Donoghue 
16-45   Summing up 
17-00   Close 
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Joe Bondaryk Lee Miller 
Fabrizio Borsani Anna Moscrop 
Leigh Calvez Giuseppe Notarbartolo di Sciara 
Ana Canadas Simone Panigada 
Paul Creighton Susan Parks 
Angela D'Amico Shelagh Parlane 
Eduard Degollada Gianni Pavan 
Mike Donoghue  (Moderator) Michela Podesta' 
Peter  Evans Danielle Savarese 
Manuel Garcia Andre Silva 
Anita Geiszinger Mónica Silva 
Robert Gisiner Dave Thompson 
Dave Goodson Jakob Tougaard 
Jonathan Gordon Fernando Ugarte 
Maria  Groz Ursula Verfuss 
Ed Harland Andy Williams 
Olaf Jaeke Ben Wilson 
Dave Johnston Richard Witte 
Junita Karlsen Walter Zimmer 
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Workshop Presentations Abstracts  

 

BEHAVIOURAL AND PHYSIOLOGICAL RESPONSES OF HARBOUR (Phoca 
vitulina) AND GREY (Halichoerus grypus) SEALS TO SEISMIC SURVEYS. 
 
D.Thompson 
Sea Mammal Research Unit, NERC, University of St. Andrews, KY16 9TS, UK. 
 
Despite their wide application and concerns over possible harmful effects, there is little 
information on the responses of marine mammals to seismic surveys. Since 1995 we have 
directly monitored behavioural and physiological responses of free ranging seals during 
experimental seismic surveys. 

We used a combination of VHF radio, UHF satellite and ultasonic telemetry to record 
movements, dive profiles, swim speeds, stomach temperatures and heart rates (HR) of 
harbour seals in Scotland, and grey seals in the Baltic.  Seals were followed to foraging areas 
and exposed to simulated seismic surveys using small airguns. 

Harbour seal reactions varied.  Four seals were exposed to simulated airgun surveys. 
Two seals were exposed to 3 simulated airgun surveys each, and two were exposed once each. 
Two seals equipped with heart rate transmitters showed evidence of immediate short-lived 
fright reactions.  Coincident with the first blast, their HRs fell from typical diving rates of  35-
45 beats/min down to 5-10 beats/min.  These intense periods of bradycardia were short-lived, 
lasting between 30 and 55s, followed by a typical pre-surfacing tachycardia.  After the initial 
fright reaction, no other intense bradycardia events occurred.   

On six of the eight trials the seals showed strong avoidance behaviour, swimming 
rapidly away from the source.  On one trial the seal may have responded to the approach of 
the source boat, before firing began.  One seal showed no response to the airguns, even when 
approached to within 300m.  In all cases where tracking continued after the airgun trial there 
were no significant differences between pre- and post-trial behavioural measures.  Behaviour 
apparently returned to the pre-trial pattern within a few minutes of the end of firing.   In two 
instances the seal went to haulout shortly after the trial, but both returned to forage in the trial 
areas within 36 hours.  On four instances the seals remained in the trial area, apparently 
foraging successfully within 20 miniutes of the end of firing. 

All grey seals showed an avoidance reaction.  They all moved away from the source, 
increased swim speed and/or dive duration and switched from benthic foraging dives to 
predominantly V shaped transit dives.  All seals either remained in, or returned at least once 
to, the foraging area where they had been tested.  Excluding two seals which hauled out after 
testing, behaviour appeared 'normal'  2.1 hours (range 0 - 11.5, n=10) after firing stopped. 

The results indicate that seal behaviour was affected by airgun noises.  Seals 
generally took avoiding action, but responses were short lived with no apparent long term 
effects.  However, the guns were small and firing sequences were short. Commercial surveys 
fire larger arrays (up to 5000 in3) for longer periods. Reactions to commercial surveys may be  
more extreme, longer lasting and occur at greater range.  
 We will describe these results and discuss the problems encountered in the practical and 
analytical aspects of the study. 
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LESSONS LEARNED DURING FIN WHALE FOCAL FOLLOW OBSERVATIONS  
DURING   SIRENA 01   
 
A. D'Amico, M. Quero, M. Jahoda, J.  Bondaryk, C. Mori, P. Tyack, A. Williams, S. 
Panigada, P. Miller, and A. Azzellino  

SACLANT Undersea Research Center (SACLANTCEN) is sponsoring a multi-year research 
program to collect an integrated oceanographic, biological and hydrographic data set and to 
design field studies that address concerns about the potential effects of anthropogenic noise 
on the marine environment, especially on marine mammals.  To support these goals, the 
Centre has initiated a project entitled Sound, Oceanography and Living Marine Resources 
(SOLMAR) that seeks to establish a paradigm for monitoring and conservation of marine 
species. SOLMAR Sirena sea trials have been conducted since 2000 as a yearly campaign in 
the Ligurian Sea.  During the Sirena ’01 cruise, five dedicated focal follow experiments were 
made on fin whales.  The lessons learned during these observation periods will be discussed. 
For example, it is essential to include acoustic monitoring while conducting visual 
observations of potential responses of whales to experimental exposures of sound to monitor 
uncontrolled sources of noise present during observations, such as:  commercial shipping, 
construction noise, sonar type signals, and small boat noise.   
 
During this cruise, simultaneous observations were made from a sailing vessel and the 
research NATO research vessel Alliance during two observation periods. The results will be 
compared to discuss the pros and cons of different platforms for this kind of measurement, 
with an explanation of the differences between the observations from each platform. 
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NON-ANTHROPOGENIC PATHOLOGIES OF THE CETACEAN SOUND 
RECEPTION:  A POSSIBLE  BIAS  IN  THE  CEE  ANALYSIS 
 
E. Degollada1,2, M. André1, M. Arbelo1, and A. Fernández1. 
 
1Marine Mammal Conservation Research Unit, Dept. Morphology, School of Vet. Med., 
University of Las Palmas de Gran Canaria, 35416 Arucas, Gran Canaria, Spain 

2Dept. of Anatomy, Veterinary Faculty, Autonomous Univ. of Barcelona, 08193 Bellaterra, 
Spain  

 
The last decades have been crucial to realize how important is the role of the acoustic system 
in the cetacean biological processes. In that sense, the growing concern about the increasing 
underwater man-made noise lead scientists to develop research tools to assess its negative 
effects on these mammals. Besides primarily disturbing their normal behaviour, it is also 
accepted that anthropogenic underwater noise may affect the cetacean inner ear structures 
from mild temporary reduction in sensitivity due to long term exposure, to severe lesions 
leading to permanent acoustic threshold shift. In this way, controlled exposure experiments 
can help to detect behavioural changes and determine the acoustic budget limits of some 
target species. Nevertheless, in addition to acoustic trauma, directly related to human 
activities, non-anthropogenic pathologies affecting the cetacean sound reception system can 
be found in stranded individuals. These lesions can range from disturbance of the sound 
reception mechanisms, impairment of the transmission structures to the inner ear to 
degeneration of the neural acoustic network affecting also the brain. In particular, the parasite 
infestation of the paraotic sinuses and middle ear by nematodes of the genus Crassicauda and 
trematodes of the genus Nasitrema, shows that sound reception can be altered in the animals 
affected, thus possibly leading to a misinterpretation of the CEE analysis if conducted on the 
living sick animals. 

The frequency and severity of these results show the importance of conducting exhaustive 
post-mortem analysis of the individuals stranded in the region where the CEE would take 
place in order to assess the “acoustic health” of the target species and correctly interpret the 
analysis. 
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CONTROLLED EXPOSURE EXPERIMENTS ON SPERM WHALES IN AN AREA OF 
HEAVY SHIPPING 
 
Michel André 
Marine Mammal Conservation Research Unit 
Department of Morphology, Veterinary School 
University of Las Palmas de Gran Canaria 
Trasmontaña, 35416 Arucas, Gran Canaria, Canary Islands, Spain 
Tel. 34-928 45 11 03, Fax. 34-928 45 11 41, mandre@cicei.ulpgc.es 
 
Shipping has been responsible for many collisions with cetaceans in the Canary Islands, 
particularly sperm whales, which are present throughout the years in these waters. A series of 
controlled exposure experiments (CEE), including the playback of artificial sounds of 
different frequencies, was conducted to test a system designed to try and deter sperm whales 
from occupying the ferry routes. The main purpose of these preliminary tests was to observe 
the behavioural responses of the whales and try to assess the potential of this method to 
protect both the whales and the ferries. The CEE analysis showed that the sperm whales never 
reacted to low frequency stimuli (<1000 Hz, SL180 dB re 1µPa) but interestingly presented 
short-term distinctive behavioural-related-reaction after the playback of higher frequency 
sounds (>10 kHz, SL180 dB re 1µPa). The lack of reaction to any of the low frequency 
playbacks suggests that sperm whales from an area which has heavy vessel traffic have a high 
tolerance for noise. These results open the discussion on the necessity of a better knowledge 
of the hearing sensitivity of local cetacean populations exposed to specific noise 
environments, in order to objectively interpret the effect of anthropogenic sounds on marine 
mammals. As a matter of fact, the analysis of the inner ear structures of two sperm whales, 
belonging to the photo-identified local population and killed by a ferry, revealed a low-
frequency-related acoustic trauma, which could explain the lack of reaction of the whales 
during the low frequency CEE. This result, if generalised to the rest of the sperm whale 
population, would bring interesting data, not only, and mostly, to show that low frequency 
sounds from shipping is to be considered a marine hazard, but also that future CEE protocol 
should integrate the local acoustic budget along with the cetacean seasonality in the area 
where the target population is to be tested. 
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