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A systematic review on the behavioural responses of wild marine mammals to 

noise: the disparity between science and policy 

C. Gomez, J. W. Lawson, A. J. Wright, A. Buren, D. Tollit, and V. Lesage 

Abstract 

Noise can cause marine mammals to interrupt their feeding, alter their vocalizations, or 

leave important habitat, among other behavioural responses. The current North 

American paradigm for regulating activities that may result in behavioural responses 

identifies received sound levels (RL), at which individuals are predicted to display 

significant behavioural responses (often termed harassment). The recurrent conclusion 

about the need for considering context of exposure, in addition to RL, when assessing 

probability and severity of behavioural responses led us to conduct a systematic 

literature review (370 papers) and analysis (79 studies, 195 data cases). The review 

summarized the critical and complex role of context of exposure. The analysis 

emphasized that behavioural responses in cetaceans (measured via a linear severity 

scale) were best explained by the interaction between sound source (continuous, sonar 

or seismic/explosion) and functional hearing group (a proxy for hearing capabilities). 

Importantly, more severe behavioural responses were not consistently associated with 

higher RL, and ����������. This indicates that monitoring and regulation of acoustic 

effects from activities on cetacean behaviour should not exclusively rely upon generic 

multi2species RL thresholds. We recommend replacing the behavioural response 

severity score with a response/no response dichotomous approach that can represent a 

measure of impact in terms of habitat loss and degradation. 

Key words: cetaceans, whales, dolphins, noise, behaviour, received level, regulations. 
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Introduction  

Sounds in the ocean generated by human activities such as hydrocarbon exploration, 

shipping, construction, and military2exercises are becoming more prevalent and are 

causing large2scale changes in the marine acoustic environment (Hildebrand 2009). 

Human2generated sounds (hereon referred to as noise) can have a broad variety of 

effects on marine mammals including loss of hearing sensitivity, deafness, behavioural 

change, displacement from important habitat, induced stress responses, and 

interference with an individuals’ ability to detect, recognize and/or discriminate sounds 

used for foraging, conspecific communications, navigation, and predator/hazard 

avoidance (Richardson et al.1995; Nowacek et al. 2007; Southall et al. 2007; Weilgart 

2007; Wright and Soto 2007; Rolland et al. 2012; Ketten 2014; Erbe et al. 2015; NOAA 

2015). In extreme cases, sounds from mid2frequency active sonar and multi2beam 

sonar might lead to mass stranding (Balcomb and Claridge 2001; Southall et al. 2013), 

blasts from underwater explosions have likely damaged ear structures (Todd et al. 

1996), and underwater detonations have led to mortalities (Danil et al. 2011). While 

these extreme cases may lead to lethal impacts1 on individual animals, disruption of 

behaviour (e.g., cessation of feeding) could affect numerous individuals and thus lead to 

sub2lethal impacts at the population level (see Pirotta et al. 2014).  

The effects of noise exposure on marine mammals have typically been regulated using 

some threshold for the level of sound intensity (received level, RL) to which an 

individual (receiver) is predicted to display significant behavioural responses (often 

                                                           
1
 We use the term ‘impact’ throughout the manuscript to refer to the myriad direct or indirect consequences of 

changes in physical or physiological condition of the exposed animal, behaviour responses, stress responses, 
masking, or any other change in organismal or environmental condition resulting from that exposure. We do not 
intend it to refer to any specific legal definition in any nation.  
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termed harassment) (NOAA 2015; Scholik2Schlomer 2015). In general terms, and 

ignoring location2specific patterns of sound signal constructive and destructive 

interference, RL thresholds are applied using models of sound propagation where RL 

decreases with increasing distance from the sound source, and where the severity of 

the effect is expected to parallel this change in RL (Richardson et al. 1995). In practice, 

what this means is that sounds of higher intensity experienced by an individual close to 

the sound source could cause a loss of hearing sensitivity (Zone 1 in Figure 1), whereas 

the same sounds have reduced intensity farther from the source and could cause other 

effects, such as a change in behaviour (Zone 2 in Figure 1).  

 

RL thresholds for injury (Zone 1 in Figure 1) are now considered to be specific to marine 

mammal’s functional hearing group (a proxy for individual’s hearing capabilities) and 

have been expressed in terms of Sound Pressure Level (SPL) and Sound Exposure 

Level (SEL) (Southall et al. 2007; NOAA 2015). Currently, there are no specific RL 

thresholds for explicitly assessing or regulating masking or stress responses (Zone 2 in 

Figure 1). However, there are tools available to quantify the potential loss of acoustic 

communication space, and thus, to potentially include this effect as part of noise impact 

assessments (Clark et al. 2009; Hatch et al. 2012; Moore et al. 2012; Erbe 2015; Erbe 

et al. 2015).  

 

The generic RL thresholds for behavioural disturbance in current use in North America 

originated from a few field studies in the 1980’s on baleen whales (e.g., Malme et al. 

1983; 1984; Richardson et al. 1986; 1990). Thresholds for behavioural disturbance were 
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proposed for various types of sounds (impulsive or continuous) and applied to all marine 

mammals regardless of their functional hearing group (Figure 1, HESS 1999, see 

Scholik2Schlomer 2015). These generic RL thresholds, although not applied universally 

(e.g., Federal Register 2003; Wood et al. 2012), are still used and have been applied in 

several impact assessments (e.g., LGL 2010; DFO 2012; 2014; Statoil 2015; BP 

environment plan2). Efforts have been made to improve them using new data (e.g., 

Southall et al. 2007; Federal Register 2009), including the addition of unique RL 

thresholds for behavioural disturbance specific to species that were deemed particularly 

sensitive to noise: harbour porpoises (	
�������

������) and beaked whales (family: 

Ziphiidae) (e.g., Federal Register 2015).  

 

Current scientific knowledge recognizes that acoustic characteristics of the sound 

source, marine mammal’s hearing sensitivity, and context of exposure must be 

considered in addition to RL and species sensitivity to predict the probability and 

severity of behavioural response of a marine mammal exposed to a sound source 

(Wartzok et al. 2004; Southall et al. 2007; Ellison et al. 2012). Context of exposure, 

beyond that of the sound source type and spectral characteristics, includes variables 

such as movement and depth of the sound source, the ratio of signal to background 

noise, sound level above hearing threshold, proximity of the source to the receiver, 

bathymetry in the exposure area, as well as the receivers’ species, sex, age, 

reproductive state, behavioural state prior to sound exposure, prior experience, 

motivation, and behavioural conditioning (Richardson et al. 1995; Wartzok et al. 2004; 

Nowacek et al. 2007; Southall et al. 2007; Weilgart 2007; Ellison et al. 2012). 

                                                           
2
 http://www.bpgabproject.com.au/go/doc/5771/2501234/Environment-Plan-FAQ-s-and-information- 
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Substantial efforts are under way to amend the generic single multi2species RL 

thresholds paradigm to fit the current scientific understanding that RL alone is 

inadequate for predicting behavioural disturbance (Southall et al. 2007; Ellison et al. 

2012; Miller et al. 2012; Southall et al. 2012; Goldbogen et al. 2013; Alves et al. 2014; 

Antunes et al. 2014; Miller et al. 2014). In particular, NOAA is currently developing 

“national guidance for better predicting significant behavioural effects” (Scholik2

Schlomer 2015).  

 

A comprehensive framework has been proposed to start to account for the effect of 

context of exposure on individual response to noise (Southall et al. 2007; Ellison et al. 

2012). This framework includes a scoring scale for severity of behavioural responses of 

marine mammals to noise (Table 4 in Southall et al. 2007). The intent of this response 

severity scale was to reflect increasing severity of impact by delineating behavioural 

responses that are relatively minor and/or brief (scores 023); those with higher potential 

to affect foraging, reproduction, or survival (scores 426); and those considered likely to 

affect foraging, reproduction, or survival (scores 729) (Southall et al. 2007). The 

definitions in this behavioural response severity scale approach can be very subjective; 

for example, “brief or minor cessation/modification of vocal behaviour” results in a score 

of two while “minor cessation or modification of vocal behaviour (duration < duration of 

source operation)” corresponds to a score of three (Table 4 in Southall et al. 2007). This 

type of vague definitions led to amendments of this severity scale in other studies to 

make it more detailed and less imprecise, though definitions were often arbitrary due to 

lack of information (Miller et al. 2012; Williams et al. 2014). The behavioural response 
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severity scoring approach has additional problems; for example, Tougaard et al. 

(2015a) discouraged its use as it does not take into account long2term changes in 

animal behaviour (Moore and Clarke 2002; Bejder et al. 2006�,�; Pirotta et al. 2015; 

Weaver 2015), and most importantly, response severity may be falsely interpreted as 

equating to severity of impacts on individuals or populations. This proportionality was 

not implied by Southall et al. (2007) or Ellison et al. (2012) but  “it is tempting to make 

this inference and hence use the severity scores as a proxy for population impact” 

(Tougaard et al. 2015). Despite these recognized issues, this severity scoring is the ���

����� standard measure of behavioural responses in the recent proposed framework 

(Ellison et al. 2012) and many noise impact assessments (e.g., SMRU Consulting 2014; 

Heinis and de Jong 2015).  

 

The generic behavioural disturbance RL thresholds are an example of the disparity 

between science and policy. On one hand, North American regulators have retained 

RL2based thresholds (Table 1 in Scholik2Schlomer 2015) despite the increasing 

evidence that RL alone is inadequate for predicting behavioural responses: the acoustic 

characteristics of the sound source, marine mammal’s hearing sensitivity and context of 

exposure must be considered (e.g., Nowacek et al. 2007; Southall et al. 2007; Weilgart 

2007; Ellison et al. 2012). On the other hand, although attempts are under way to 

update these thresholds (see Scholik2Schlomer 2015), regulatory guidance in Canada 

and in the United States have not yet provided updated behavioural disturbance RL 

thresholds that encompass the most up2to2date scientific knowledge. The discrepancy 

between science and policy is further complicated by the fact that the effects of noise on 
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marine mammals are a very controversial topic in the scientific, regulatory, and public 

realm that has resulted, among other things, in several lawsuits in the United State and 

elsewhere. In some instances, conclusions of research have favoured the interests of 

sponsors that funded studies potentially used in the process of informing policy 

decisions (Wade et al. 2010). 

 

In this context, a systematic literature review and analysis within the behavioural 

response severity2based framework proposed by Southall et al. (2007) and Ellison et al. 

(2012) was essential. We compiled and summarized information on species, sound 

sources, context of exposure, and marine mammal behavioural responses with the goal 

of evaluating which variable(s) best explained marine mammal behavioural responses 

to noise. Our initial goal was to advance the process of improving the current RL 

threshold(s) paradigm by incorporating the best available science to highlight the 

relative importance of RL and context of exposure in predicting probability and severity 

of behavioural responses, and propose more meaningful metrics to replace previous 

generic metrics where single RL thresholds are applied across species. This paper 

provides a synthesis of the results of the systematic literature review and analysis, 

which instead, lead us to call for a paradigm2shift in the way in which behavioural 

responses of marine mammals to noise are evaluated. 

Materials and Methods  

A systematic literature review was conducted to gather studies, available from 1971 up 

to June 2015, on the behavioural responses of wild marine mammals to noise. The 
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public database PubMed was searched using the specific terms [MARINE MAMMAL or 

WHALE or DOLPHIN or PORPOISE or PINNIPED or CETACEAN or SEAL or SEA 

LION] and [NOISE or SONAR or SEISMIC or VESSEL or PILE2DRIVING or 

CONSTRUCTION or ALARM] and [BEHAVIOUR or BEHAVIOR]). Review papers 

(Nowacek et al. 2007; Southall et al. 2007; Weilgart 2007) were used to manually 

extract additional references that were not identified while using the search terms. 

Studies were filtered so only those that provided information on the behavioural 

responses of marine mammals to noise were reviewed further (Figure 2, S13).  

Only studies in the wild were considered in this review because of the important 

differences in the life history and sound exposure contexts for captive and wild 

individuals (Parsons et al. 2009; see Tougaard et al. 2015), and because the objective 

of this study was to review behavioural responses of marine mammals in their natural 

environment. The participation of captive individuals in sound exposure experiments is 

often reinforced with food, which likely motivates them to tolerate high RL (Scheifele et 

al. 2005; Southall et al. 2007). Further, cetaceans in captivity cannot leave their tank, 

and therefore, cannot express their full repertoire of behavioural reactions (e.g., cannot 

move away several kilometres as in Tougaard et al. 2015). Response thresholds 

derived from older animals might also not be representative of younger animals in the 

wild (e.g., old individuals lose their ability to perceive certain frequencies) (see Parsons 

et al. 2009; Tougaard et al. 2015). Consequently, studies focused on measuring 

                                                           
3
 Supplementary material 1: The Preferred Reporting Items for Systematic Reviews and Meta2Analyses 

(PRISMA) statement. 
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permanent and temporary thresholds shifts, natural sound sources, and studies in 

captivity, were discarded. 

For the studies further considered, information on 1) behavioural responses of marine 

mammals to noise, 2) sound source, and 3) context of exposure, was compiled. Review 

papers were used to extract estimated RL values that were not provided in the original 

studies. All data cases gathered from the studies included in either the qualitative or 

quantitative synthesis (Figure 2) are available in S24. 

Marine mammal behavioural responses to noise 

For each study, a summary of the behavioural reactions reported during sound 

exposure was provided in a narrative extracted or summarized from each paper. Some 

studies provided detailed information on the response of different individuals or 

populations; in those cases one study was represented by multiple data cases (see raw 

data in S2). Southall et al. (2007) developed a qualitative, 102step index to rank the 

severity of behavioural responses on the basis of the observed physical magnitude of 

each response (e.g., minor change in orientation, change in respiration rate, fleeing the 

area), and its potential biological significance and thus impact (e.g., cessation of 

feeding, separation of mother and offspring). Using this index, a severity score was 

assigned to each behavioural reaction reported during noise exposure as per Table 4 in 

Southall et al. (2007). Note that the behavioural response severity scoring was based 

exclusively on the information readily available in the studies reviewed (i.e., additional 

                                                           
4
 Supplementary material 2. Interactive supplementary material to download and display the publications 

and data cases included in the systematic review and meta2analysis.  
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unpublished information about context, methodology, or details of the experiments that 

might be available through contact with the authors or colleagues were not considered). 

Studies in this review also reported very dissimilar levels of information regarding the 

behavioural response of the subject marine mammal. Information ranged from very 

detailed data that were compiled through focal follows and/or digital acoustic recording 

tags attached to study animals, to general and subjective descriptions of changes in 

speed in which an animal was traveling without any details about the magnitude or 

duration of the observed change. This variability in detail reporting did not permit a well2

defined differentiation among severity scoring definitions (e.g., brief, minor, moderate 

response, etc., as per Table 1), making it unfeasible to have a clear distinction between 

numerical scores. Therefore, we further grouped the response variable (behavioural 

response severity score) into four wider categories: very high, high, moderate and low 

(Table 2). This partitioning represents a compromise between the loss of too much 

information from the more subjective studies against the loss of precision from better2

presented information in the more detailed studies. For comparison, the Southall et al. 

(2007) 102point scale has been simplified in other studies to a binary cut2off for “likely to 

affect” by Miller et al. (2012) and more detailed definitions by Williams et al. (2014). 

Factors affecting marine mammal behavioural responses to noise 

���������������������

Sounds can be characterized by their amplitude or source level (SL), by their pitch or 

frequency and by their duration. Hence, when available, the following information was 

recorded: peak or predominant source frequency (Hz), duration or duty cycle, SL and 
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RL (either measured or estimated). The sound sources most frequently reported were 

divided into four categories based on similarities in terms of their frequency range of 

emission, duty2cycle and relative SL: continuous (shipping including ice2breaking, 

construction, vibratory drilling), low2frequency active sonar (LFAS), mid2frequency active 

sonar (MFAS), and seismic/explosions.  

Studies were often not explicit as to whether the frequency reported for a sound source 

corresponded to the peak, predominant, or range with the most energy. Furthermore, 

there was incongruence in the definitions provided by some studies when categorizing 

LFAS and MFAS based on frequency range of emission: while the United States 

Department of the Navy defines MFAS in the range between 1210 kHz, several studies 

in Europe have used the term LFAS for sources that are within 122 kHz (e.g., Miller et 

al. 2012; Alves et al. 2014; Antunes et al. 2014). For consistency, sonar in the range 

between 1210 kHz was classified as MFAS (Table 3).  

The majority of studies that reported RL provided them as broadband sound pressure 

level (SPL) in dB re 1 O Pa using a root2mean2square (rms) sound amplitude (or mean 

square pressure) within a given time window and frequency range. RL were also 

expressed as peak sound pressure level, measured in frequency bands (e.g., 1/32

octave band level), reported as a range of values (e.g., 1502200 dB re 1 O Pa), or as a 

specific point value, such as an average or a sound dose received by the animal 

(Antunes et al. 2014). In the latter, experiments were designed based on dose 

escalation of levels of sounds to determine at what sound dose individuals changed 

their behaviour (e.g., Miller et al. 2012). 
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���������
����������������������
��������������������

Five functional hearing groups were proposed by Southall et al. (2007), and are used by 

the National Oceanic and Atmospheric Administration (NOAA) and other groups 

conducting environmental impact assessments with the aim of representing similarities 

among marine mammals in known or expected hearing capabilities (Table 4, e.g., LGL 

2010; JASCO 2015; NOAA 2015). We used a similar partitioning also as a proxy for 

known or expected hearing sensitivity, with the addition of manatees: 1) low2frequency 

hearing (LF baleen whales), 2) mid2frequency hearing (MF toothed cetaceans; toothed 

cetaceans other than those in the high2frequency hearing category), 3) high2frequency 

hearing (HF toothed cetaceans; e.g., harbour porpoises [	
�������

������] and river 

dolphins), 4) phocid pinnipeds (seals), 5) otariid pinnipeds (eared seals) and 6) 

manatees.  

���������������������
������

To examine the importance of factors other than RL in the severity and probability of 

behavioural response, information on the following contextual variables was compiled 

for each study, when possible: movement of the sound source (moving, 

moving/approaching, stationary), proximity of the source to the observed individual(s), 

depth of the sound source (m), number of individuals (sex, age, and individual 

identification number), naivety, behaviour prior to sound exposure, and location of 

study.  

Naivety was categorized as “1” if the population or individual was believed to have been 

exposed to a given noise for the first time in the study reviewed, or “0” if the population 

or individuals were already familiar with the sound. Studies were recorded as being 
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conducted in either captivity or the wild, and for studies in the wild, a general 

geographical location was recorded (e.g., Ligurian Sea, Italy).  

Assessment of sample size and data quality for analysis 

The next step after standardizing variables gathered in the literature consisted in 

conducting an assessment of the quality and number of data cases suitable for analysis 

(Figure 3, more detailed information can be explored using the raw data available in 

S2). First we ensured that data cases included a representation of the type of sound 

source, RL and a proxy for marine mammal’s hearing sensitivity (functional hearing 

group) (Panel A in Figure 3). The majority of data cases were for MF toothed cetaceans 

and LF baleen whales exposed to continuous, MFAS, and seismic/explosion sound 

sources (� = 199).  

Subsequently, the feasibility of including contextual variables was examined. The 

studies reviewed were conducted in various geographic locations, years and seasons; 

studies used different sampling methods, observers, and reported various sample sizes. 

In addition, most studies reported limited information on contextual variables, meaning 

that little contextual data could be compiled. For instance, behaviour of marine 

mammals prior to sound exposure has been proposed as one of the key contextual 

features influencing marine mammal behavioural responses to noise. However, this 

information was only provided in a limited number of the studies reviewed, and was 

presented in various ways when provided (Table 5). After attempting to standardize this 

variable, it was evident that most contextual data cases (80%) were linked only to MF 

toothed cetaceans exposed to continuous and MFAS (Panel B in Figure 3). This is 
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further complicated by the inconsistencies among studies in the definition of LFAS, as 

presented in Table 3.  

Information reported on sound source context (e.g., movement) was even less detailed 

and consistent (Panel B in Figure 3), as were details on proximity of individuals to the 

source (� = 116 data cases) and number of individuals (� = 128; ranging from detailed 

information [e.g., 1 female] to very vague information [e.g., several individuals]) (see 

data in S2). In the case of naivety, it was nearly impossible to determine with certainty 

whether individual animals or populations were naïve, with the exception of one study 

(Finley et al. 1990).  

An analysis with this degree of heterogeneity, lack of standardization across definitions 

and small sample sizes, although mathematically possible (if all combinations are 

represented, which is not the case here), is unadvisable (see McKenzie et al. 2013). 

Thus, the inclusion of this type of data violates numerical and statistical standards in the 

pursuit of noise exposure criteria (Wright 2015). Consequently, a detailed qualitative 

analysis of the critical and complex role of context of exposure is presented in detail in 

the discussion and S35 but the statistical analysis did not include most contextual 

explanatory variables. The full list of variables that could be considered in the analysis 

was: functional hearing group, type of sound source and RL. 

 

                                                           
5
 Supplementary material 3. Analysis and data exploration of additional variables. 
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Meta�analysis 

The main goal of this analysis was to determine what variable(s) best explained marine 

mammal behavioural responses to noise. For consistency only the maximum RL 

expressed as sound pressure level (RLSPL) and the maximum behavioural response 

severity score assigned was considered (Figure 3). The analysis was conducted by 1) 

combining RLSPL measured as rms, peak or peak2to2peak (� = 195 data cases), and 2) 

using only RLSPL measured as rms (� = 173 data cases, Figure 3). 

The response variable (behavioural response severity score) is a discrete variable with 

a clear order that ranges from low, moderate to high. Therefore, a regression model for 

ordinal dependent variables was performed (ordinal logistic regression, Agresti 2002). 

We considered as explanatory variables: 1) RL (hypothesized to parallel the change in 

the severity of the behavioural response), and controlled for functional hearing group (to 

account for known or expected cetacean hearing sensitivity) and sound source (to 

account for similarities in terms of their frequency range of emission, duty2cycle and 

relative SL). Potentially, the effects of either variable on the behavioural responses 

exhibited depend on the level of the remaining variables. We therefore included second 

order interactions. As the main goal of this meta2analysis was to determine what 

variable(s) best explained marine mammal behavioural responses to noise, all possible 

candidate models were built considering second order interactions, and their relative 

empirical support was weighted.Behavioural Response Severity Score ~ RL + 

Functional hearing group + Sound Source + Functional hearing group * Sound Source + 

Functional hearing group * RL + Sound Source * RL 
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Model comparison and selection was based on the Akaike Information Criterion 

corrected for small sample sizes (AICc, Burnham and Anderson 2002) and the derived 

measure evidence ratio (Ei, Anderson 2008). The evidence ratio quantifies model 

selection uncertainty and the weight of evidence for each model (Anderson 2008). 

Models with a delta AICc less than 7 (Burnham et al. 2011) and those with �� < 10 are 

presented. The relative variable importance w+(�) was calculated to quantify the 

evidence of the importance of each explanatory variable (�) in the set of candidate 

models (Burnham and Anderson 2002). Values for w+(�) range from 0 to 1; larger values 

indicate higher importance of a variable (�) relative to the other variables. Finally, to 

explore the fit of the model selected, we plotted the proportion of the observed and 

predicted relative proportion of data cases for each behavioural response severity 

score. 

Results  

Of the 792 publications identified, 370 publications were screened and 219 met the 

criteria for inclusion in the qualitative analysis (Figure 2). Data cases that reported RL 

and behavioural responses of cetaceans to noise (� = 256, Figure 3, S2) included 

information on 35 species of marine mammals across five functional hearing groups: HF 

toothed cetaceans (� = 18), LF baleen whales (� = 75), MF toothed cetaceans (� = 

145), phocid pinnipeds (Nin water = 8, Nin air = 7), and manatees (� = 2) (one data case 

was for species aggregated within several groups).  

The analysis was performed for those groups that contained the majority of data cases: 

MF toothed cetaceans and LF baleen whales exposed to continuous, MFAS, and 
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seismic/explosion sound sources (“very high” behavioural response was not included 

due to low sample size, see Figure 3). This corresponded to a total of 79 studies and 

195 data cases (see Figure 3 and Table 6). Note that not all studies used in the analysis 

are referenced in this manuscript but a full list is presented in S3.  

Sound levels received by the animals did not explain the severity of behavioural 

responses: more severe behavioural response severity scores were not consistently 

related to higher RL and less severe behavioural response severity scores were not 

consistently related to lower RL (Figure 4a). This pattern is consistent across all the 

data compiled (S2).  

The lack of relationship between RL and the severity of behavioural responses was 

upheld for MF toothed cetaceans exposed specifically to both continuous (Figure 4b, � 

= 49) and MFAS (Figure 4c, � = 81). Similarly, for LF baleen whales exposed to seismic 

sounds, it was not possible to differentiate between the curves representing high and 

low response severity in relation to RL (Figure 4d, � = 41). However, in this case, 

behavioural responses of moderate severity were found to be more common at RLs that 

were lower than either high or low severity responses. In conclusion, even when 

comparing one cetacean functional hearing group (which might reasonably be 

considered a general proxy for species with similar known or expected hearing 

capabilities) with one type of sound (which provides a general proxy for frequency, 

duration and SL of the sound source) the RL still did not vary in relation with the severity 

of behavioural responses. Logically, the application of a standard (and group2specific) 

frequency (hearing sensitivity) weighting (e.g., like M2weightings or US Navy Type22 

weightings) to received SPLs would result in a similar lack of RL relationship. This is 
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because the frequency weighting effect on the SL of a particular sound source would be 

similar across the entire frequency hearing group. 

The most parsimonious model to describe the severity of behavioural response included 

the interaction between sound source and functional hearing group, but did not include 

RL (Table 7). There are few data cases for baleen whales (LF) exposed to MFAS and 

the model generally fits better for toothed cetaceans than baleen whales. Clearly this is 

reflecting the effect of sample sizes, but there could be other type of effects (e.g., 

baleen whales and toothed cetaceans have a different repertoire of behavioural 

responses, see discussion). With regard to sound source, continuous sources were 

found to elicit less severe behavioural responses from MF toothed cetaceans (Figure 5). 

Additionally, seismic/explosion sound sources were found to elicit substantially more 

high2severity behavioural responses than either moderate2 or low2severity responses 

from LF baleen whales. It is unadvisable to further interpret these patterns of severity 

due to the uneven and small sample sizes. 

The most parsimonious model had approximately twice the empirical support of the 

second best model (���= 2.42), which included RL in addition to the interaction between 

sound source and functional hearing group (Table 7). The inclusion of RL into the model 

did not improve the fit (difference in log likelihoods: 0.20). This indicates that the small 

difference in the value of the delta Akaike between the first and second best models 

(∆AIC = 1.77, see Table 7) is due to the bias correction term not being large enough, 

thus the variable RL conforms to the definition of “pretending variable” (Anderson 2008). 

Pretending variables may enter a model set with a relatively small ∆AIC, thus 

misleadingly informing that it is one of the best models. A pretending variable is 
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identified when the fit of the model does not improve with the added parameter 

(difference in log likelihoods ~ 0)(Anderson 2008). Pretending variables can increase 

model selection uncertainty and may bias multi2model inference; thus, pretending 

variables should be removed from the model set (Anderson 2008). 

The analysis of relative variable importance showed that the type of sound (w+(������

������)=0.988) and functional hearing groups (w+(
�����������
)=0.976) were important 

variables for describing the severity of behavioural response of wild cetaceans, while RL 

was superfluous w+(RL)=0.344). 

The best model showed a reasonably good fit: there was little discrepancy between the 

predicted relative proportion of data cases among the behavioural response severity 

scores (black points with corresponding 95% confidence intervals) and the reported 

observations (bars)(Figure 5). As would be expected, prediction2observation 

discrepancy was often larger for combinations with smaller samples sizes, such as the 

severity of response of LF baleen whales exposed to MFAS and MF toothed cetaceans 

exposed to seismic2explosion sound sources. 

The results presented above were for a combination of RLSPL measured as rms, peak or 

peak2to2peak. However, the patterns in the results were unaltered when we repeated 

the analysis using only RLSPL rms measurements (Section I 2 Analysis 1 in S3). 

Similarly, the patterns in the results were unaltered when we replaced the behavioural 

response severity score with a dichotomous response (avoidance or no2avoidance; 

Section I 2 Analysis 2 in S3). The main patterns also remained the same when removing 

data cases that included replicates of the same individual (Section II in S3), and when 
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removing data cases from playbacks of recorded sounds of airguns and 

drilling/construction (Section III in S3). Accordingly, the main conclusions drawn from 

this exercise are unaffected by the different measurements of RL, by pseudo2

replication, when considering only avoidance and no2avoidance behavioural responses, 

and when restricting the analysis to sounds from real operating sound sources only: 

more severe behavioural response severity scores were not consistently related with 

higher RL, and vice versa. 

Discussion  

The studies reviewed have persistently concluded that context of exposure plays a 

critical and complex role in modulating the severity of behavioural responses of marine 

mammals to noise (Wartzok et al. 2004; Southall et al. 2007; Ellison et al. 2012). 

However, it was impossible to include many contextual factors due to lack of reporting, 

specificities, and lack of standardization across the many studies reviewed. 

Consequently, based on the information available in the literature, the analysis supports 

three main conclusions:  

1. More severe behavioural responses in cetaceans (measured via a linear severity 

scale) were not consistently associated with higher RL, and vice versa (Figure 4, 

S2);  

2. Behavioural responses in cetaceans were best explained by the interaction 

between sound source type (continuous, MFAS or seismic/explosion) and 

functional hearing group (a proxy for hearing capabilities) (Table 7); and  
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3. The different cetacean functional hearing groups have, at least for certain sound 

sources with adequate sample sizes, dissimilar response profiles. Baleen whales 

(with low2frequency hearing) and toothed cetaceans (with mid2frequency hearing) 

exhibited dissimilar severity of behavioural responses depending on the type of 

sound source. For example, mid2frequency hearing toothed cetaceans had 

relatively less severe behavioural responses when exposed to continuous 

sounds (vessels), compared to baleen whales which showed more severe 

responses when exposed to continuous and seismic/explosion sounds (Figure 

5). 

Differential responses of marine mammals with different functional hearing capacity to 

sound sources of various types have been described extensively in the literature (for a 

review see Southall et al. 2007), and this study confirms quantitatively the interplay 

between these two factors and their importance in predicting severity of behavioural 

response. There are many examples of this in the literature. For example, feeding gray 

whales (���
���
�������������) avoided airgun sounds (RL: 100 – 120 dB re 1 O Pa), but 

not drillship sounds at higher RLs (Malme et al. 1986, RSL between 149 – 176 dB re 1 O 

Pa). Similarly, blue whales (�������
�������������) were less likely to produce calls 

during exposure to MFAS (RL: < 160 dB re 1 O Pa rms), but more likely to produce calls 

when a ship was nearby (Melcón et al. 2012).  

An overlap in the frequency range of the sound source and hearing is obviously an 

important factor in determining whether or not an individual is likely to detect and 

respond to a sound source. However, the differences in the severity of behavioural 

response observed among functional hearing groups may not solely result from hearing 
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capabilities, but possibly also from other factors that are taxon2specific given that low2

frequency hearing cetaceans are baleen whales and mid2frequency hearing cetaceans 

are toothed cetaceans. If a match in the frequency band of sound sources and hearing 

capabilities were solely responsible for the results, one would expect relatively more 

severe responses to mid2frequency sounds such as MFAS in MF toothed cetaceans 

compared with LF baleen whales. However, this does not always appear to be the case 

(e.g., Figure 5, Melcon et al. 2012). The interpretation of the finer details in the results of 

Figure 5, however, must be considered carefully as the majority of data cases yielding 

low behavioural scores for MF toothed cetaceans to continuous sources were drawn 

from a single study (Williams et al. 2014). Similarly, the majority of cases yielding high 

behavioural response scores in LF baleen whales exposed to seismic sources 

originated from one study (Ljungblad et al. 1988). Accordingly, the designs of these 

studies, including any associated sampling biases, may be influencing these 

conclusions substantially. 

This review assessed the importance of a generic multi2species RL in the severity of the 

behavioural response elicited in cetaceans, and concluded that this variable, without 

any further contextual information, was trivial in determining the severity of behavioural 

response severity score, even in combination with sound source type and functional 

hearing group. To put it simply, and noting that we were not able to include many 

contextual variables into the model, more severe behavioural response severity scores 

were not consistently reported at higher RL, and weaker responses were not 

consistently reported at lower RL (Figure 4, S2). This pattern persisted when replacing 

the behavioural response severity scale with a dichotomous response (avoidance or no2
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avoidance, S3). This suggested that the intrinsic characteristics of each sound source 

(e.g., frequency, duration, etc.) may be of greater importance in predicting the severity 

of behavioural responses than RL. 

One of the key assumptions of behavioural response severity scales, such as the scale 

proposed by Southall et al. (2007), is that the severity score parallels the RL. In their 

review, however, Southall et al. (2007) proposed that for LF baleen whales exposed to 

non2pulsed sound sources (e.g., vessels, aircraft, drilling or wind turbines, and many 

active sonar systems), context of exposure had a role at least as important as exposure 

level in predicting severity of behavioural responses. There was also no clear 

relationship between RL and severity of response for MF toothed cetaceans exposed to 

non2pulsed sound sources (Southall et al. 2007). Subsequently, Ellison et al. (2012) 

proposed to separate behavioural response severity scoring into two classes: 1) lower2

level responses (score 0 2 4), which are more likely described and assessed according 

to sound exposure and context, and 2) higher2level responses (scores 5 – 9) described 

and assessed according to a dose2response approach. In this conceptual framework, 

higher and lower RL values are expected to be associated with higher and lower 

behavioural response severity scores, respectively (Figure 2 in Ellison et al. 2012). 

Both Southall et al. (2007) and Ellison et al. (2012) concluded that establishing some 

sort of dose2response relationship between RL and behavioural response severity was 

not possible without much additional information. This analysis strongly supports those 

conclusions. However, the review also demonstrates that there is currently not enough 

data in the published literature to include consideration of all the necessary contextual 

information in a generalised statistical model. Furthermore, the results of our review, 
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summarized in Figure 4a, indicate that while behavioural responses were observed 

starting at approximately 110 dB re 1 O Pa, high2severity behavioural responses were 

equally likely as low2 and moderate2level behavioural reactions at these RLs6. This 

suggests that a relatively low�RL might result in biologically significant impacts (by 

affecting foraging, socializing, reproduction, or overall survival). 

The available literature has demonstrated cases where the severity of the acoustic 

behavioural responses to noise indeed escalated in combination with increasing RLs. 

These species, source, and context2 specific examples include: increasing call 

amplitude in northern right whales (�������������������) when background sound levels 

rose (Parks et al. 2011), reduction in the number of humpback whales (����
�����

�����������) singing with increasing seismic survey pulse RL (Cerchio et al. 2014), and 

increased humpback whale song length in response to higher2levels of LFAS playback 

(Fristrup et al. 2003). Similar results have been presented for several other species, 

including, but not limited to, striped (���������������������), Atlantic spotted (���������

���������), and short2beaked common dolphins (���

��������

��, Papale et al. 2015), 

bowhead whales (������������������ �Ljungblad et al. 1988), California sea lions 

(!���

����������������, Houser et al. 2013�,�), Australian fur seals ("������

�����


�����������������  Tripovich et al. 2012), blue whales (McKenna 2011), and killer whales 

(#�����������  Holt et al. 2009; Miller et al. 2014). Following this pattern, but adding 

further complexity, a study examining behavioural responses of bowhead whales to 

increasing RL of seismic sounds showed an initial increase in calling rates at low RL 

                                                           
6
 For reference, the mean broadband source level of several ship types combined is 173 (+/2 7) dB re 1 O 

Pa at 1 m (s (20 – 40,000 Hz) (Table 2 in Veirs et al. 2016). 
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(~94 dB re 1 Y Pa22s), followed by a decrease in calling rate at higher RL (~127 dB re 

1OPa2–s) to near silence at the highest RL (160 dB re 1OPa2–s, Blackwell et al. 2015). 

The studies mentioned above were all for single species exposed to one sound source 

type, and many of those examples (e.g., Holt et al. 2009; McKenna 2011; Cerchio et al. 

2014; Papale et al. 2015) were specifically for one type of acoustic behavioural 

response: the Lombard vocal behavioural response. The Lombard response is the 

tendency of a person or animal to modify their vocal amplitude or the acoustic frequency 

of the sounds they produce when challenged by a noisy environment (Patricelli and 

Blickley 2006; Hotchkin and Parks 2013). Accordingly, this behavioural response may 

be inherently more connected to RL than other possible behavioural responses (e.g., 

change in respiration rates, avoidance). In fact, if all behavioural responses were a 

highly non2linear function of RL (e.g., a step function such that there was some level at 

which the probability of a response changes very rapidly), this may have been detected 

in the analysis. This is not the case and in many instances reported in the literature, 

behavioural responses were explained by a combination of context variables, where RL 

was merely one of them. For example, killer whale behavioural responses to ship 

passages was best explained by a combination of year, month, age of the individual, 

number of ships, and RLs (Williams et al. 2014). These species/source specific results 

are valuable for predicting severity of behavioural responses in similar contexts of 

exposure. However, the results of our analysis indicate that these studies should not be 

used to extrapolate to other species, sound sources and/or context in a generalised 

framework. 
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Despite being confident in our conclusion that the types of sound and functional hearing 

groups were important variables for describing the severity of behavioural response of 

wild cetaceans, while RL was extraneous, we acknowledge the limitations of this study. 

We believe that there are at least three additional potential non2exclusive reasons for 

why the severity in the behavioural response was explained so poorly by RL, which we 

will explore in the following sections: 

  1. The response variable (behavioural response severity score and 

corresponding definitions) are not providing accurate measures of behavioural 

responses of marine mammals to noise; and/or 

2. RL across studies were measured, estimated and/or reported inconsistently, 

and thus were not comparable across the majority of studies; and/or 

3. The lack of data on additional, and potentially more important explanatory 

variables (e.g., context of exposure and natural variation), is overshadowing any small 

contribution from RL. 

1. The behavioural response severity scoring scale and definitions used in 

this review are not appropriate  

i. Scoring difficulties 

This review intended to score every reported marine mammal behavioural response to 

noise exposure via a linear severity scale (see Southall et al. 2007; Ellison et al. 2012). 

This type of scoring has been successfully applied to some studies that provided very 

detailed information on behavioural responses (Miller et al. 2012), although they 
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sometime required more detailed albeit arbitrary definitions of the severity score 

(Williams et al. 2014). The process of assigning a score in this review was problematic, 

in part due to the simplistic, broad descriptions of changes in behaviour reported (e.g., 

“brief” versus “minor”, as per Table 1). Another issue, even with the simple descriptions, 

was that it was often nearly impossible to assign reported responses to specific 

numerical scorings (Table 1 and 2). For example, there was often not enough detail in 

the reviewed study to distinguish between the behavioural response severity score 4 

(changes in locomotion speed) and 5 (extensive or prolonged changes in locomotion 

speed). This is the main reason for combining both numerical scores into a “moderate” 

response in this analysis. 

ii. An absence of behavioural responses does not equate to an absence of 

impact: suitability of behaviour as a proxy for impact 

The natural extension of this uncertainty in low2severity scoring is the consideration of 

reported absence of behavioural responses. In many cases, such reports may simply 

represent a mismatch between the study design and the actual responses of the animal, 

but there will also be occasions where these reports do indeed represent a true 

absence of behavioural response. However, it is here where the more fundamental 

limitations of a focus on behavioural responses become apparent. For example, in 

areas where noise is recurrent, sensitive animals might have already left the area prior 

to a study being conducted, leaving results driven only by the most noise2tolerant 

individuals of a population (Bejder et al. 2006�; 2009). There are occasions when 

individuals may be unwilling to display any avoidance response due to the value of a 

habitat for feeding or reproduction (Bejder et al. 2009). Remaining in a disturbed area of 
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higher sound exposure can impact foraging performance or reproductive rates via social 

disruption, leading to potential long2term consequences for energy budgets or fitness 

(Richardson et al. 1995; Williams et al. 2006; Lusseau et al. 2009; Pirotta et al. 2014; 

Tougaard et al. 2015). 

In a similar manner, changes in behaviour may also impose an energetic cost on 

individuals (see Patricelli and Blickley 2006). For example, while the Lombard vocal 

response facilitates coping with noise, it carries an energetic cost and has physiological 

limits (Holt et al. 2015). Other vocal coping strategies (Table 8) may carry unquantified 

costs, including missed opportunities to detect sounds from predators, prey or 

conspecifics (Tyack 2009). 

Furthermore, behavioural change does not account for potentially cumulative or 

synergistic effects. For instance, no behavioural changes were documented in feeding 

humpback whales exposed to underwater explosions in Newfoundland, Canada (Todd 

et al. 1996). However, a subsequent increase in entrapment rate in the area may have 

been related to the long2term effects of the exposure; dissections of the peripheral 

auditory systems of two stranded whales revealed damaged ear structure likely 

resulting from blast shock waves ( Ketten et al. 1993; Ketten 1995; Todd et al. 1996). 

In brief, the absence of a behavioural response to noise does not necessarily mean that 

there is an absence of a biological impact; and a strong behavioural response does not 

always indicate population2level effects as, for instance, non2responsive individuals 

might be habituated or may be reacting in ways that are not observed or measured 

(Lusseau et al. 2009; Wright and Kyhn 2014; Tougaard et al. 2015). Caution is thus 
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warranted when considering solely displacement as a behavioural response, particularly 

for populations that exhibit high site fidelity and thus are less likely to leave a disturbed 

area. Instead impact evaluation needs to consider both the potential short2 and long2

term adverse energetic (and other physiological) consequences of impacting critical life 

functions measured via behavioural changes (Castellote et al. 2012). This will more 

likely account for potential sub2lethal effects, such as the alteration of foraging 

performance, rather than relying solely on displacement or presence (McCarthy et al. 

2011; Castellote et al. 2012; LaManna et al 2013; Merchant et al. 2014; Pirotta et al. 

2014). 

iii. Incorrect scoring due to incomplete records of behavioural responses 

To assign a behavioural response severity score, one must first detect a behavioural 

response. However, very few studies would be capable of measuring every possible 

behavioural response parameter. For example, the majority of studies reported 

observable behavioural disruptions at the surface. However, behavioural responses 

may occur below the surface, when marine mammals are visually obscured from 

observers, and can persist beyond observational periods. Consequently, studies relying 

on bio2logging and telemetry may be less prone to potential biases and more accurate 

in documenting effects in these situations (e.g., Miller et al. 2012; Southall et al. 2012). 

Similarly, studies lacking acoustic measurements may be producing behavioural 

response severity scores that are artificially very low. For example, Frankel and Clark 

(1998) found little if any change in humpback whale surface behaviour in response to 

LFAS, while later passive acoustic studies showed that humpback whales increased the 
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length of their songs in response to this sound source (Biassoni et al. 2000; Miller et al. 

2000; Fristrup et al. 2003). Other similar examples include the responses of sperm 

whales (	
��������������

����) exposed to airgun arrays (Miller et al. 2009) and 

bottlenose dolphins ($�����
�����������) exposed to motorboats and trawlers (La 

Manna et al. 2013). 

Another consideration is that the spatial and temporal scales over which marine 

mammals exhibit behavioural responses to sound exposures extend beyond the range 

of detectability and monitoring of many studies, potentially generating false negative 

results. For instance, sounds from seismic airguns during seismic surveys become very 

important components of non2impulsive, low2frequency sounds that can propagate over 

more than 4000 km from their source (McDonald et al. 1995; Nieukirk et al. 2004, 2012). 

These sounds are likely detected by baleen whales, and may overlap with sounds they 

use for communicating over long distances (Clark 1990; Clark and Gagnon 2006). This 

is illustrated by a study where low2frequency sounds generated by an Ocean Acoustic 

Waveguide Remote Sensing experiment source, and recorded 200 km from the source, 

altered the acoustic behaviour of humpback whales (Risch et al. 2012 but see Gong et 

al. 2014). Effects can also extend beyond the period of monitoring, as illustrated in a 

study of effects from airgun low2frequency sounds and showing displacements that 

extended over a period longer than the period of exposure in fin whales (�������
�����



������  Castellote et al. 2012). When considering these reports, it is very possible 

that the geographical and temporal scale at which marine mammals are being exposed 

to noise is significantly larger in comparison to the geographical and temporal scale 

monitored during the vast majority of behavioural studies available (see Clark and 
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Gagnon 2006). In the case where there is a mismatch between the scale of monitoring 

and exposure, the severity of response assigned to a data case could be biased 

downward. Similar scale2related biases may arise from studies of LFAS where, like 

seismic surveys, LFAS exposures can last several hours or days, and can occur several 

times within a year. 

Matters are complicated further by potential coping mechanisms, such as animals 

actively reducing their noise exposure by ‘hiding’ in near2surface or near2source 

acoustic shadows (McCauley et al. 2000; Madsen et al. 2006), exploiting the complex, 

non2linear propagation patterns of underwater sounds (Madsen et al. 2006). The risk 

here is that ‘severe’ responses such as avoidance could be incorrectly interpreted as a 

much more subtle behavioural response. Accordingly, the Southall et al (2007) severity 

scale cannot always be applied with great confidence to what appears to be responses 

of low2severity. 

iv. Difficulties when attempting to interpret biological significance of 

responses 

To assign a score under the Southall et al. (2007) severity scale, it is necessary to 

identify the behaviour being altered and determine the extent to which it has changed. 

While the latter may require subjective decisions over what is “minor” and “moderate” 

the former can be more troublesome. For example, humpback whales alter their 

vocalisations in the presence of noise (Biassoni et al. 2000; Miller et al. 2000; Croll et al. 

2001; Risch et al. 2012; Cerchio et al. 2014). While humpback whale vocalisations are 

known to be associated with reproduction, the extent to which an acoustic behavioural 
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response confers notable fitness consequences is unknown. Accordingly, cessation in 

the vocalizations could be considered to be a “minor” change in behaviour or a “major” 

change by disrupting reproduction. Other such examples include: longer blue whale 

calls in the presence of seismic (sparker) exploration (Di lorio and Clark 2010); 

cessation of echolocation and shortened dive duration in beaked whales during 

exposures to vessel sound (Aguilar Soto et al. 2006); reduction or cessation of beaked 

whale foraging vocalizations in the presence of MFAS (Tyack et al. 2011); changes in 

the amplitude and rate of blue whale calls in the presence of ships (McKenna 2011); 

and a reduction in sperm whales buzz rates during exposure to airgun sounds (Miller et 

al. 2009). 

In this analysis, we assigned a score of 4 and 5 to those types of acoustic behavioural 

responses (i.e., moderate and prolonged modification of vocalizations). However, such 

changes could have implications for critical activities such as foraging, socializing, and 

breeding display (Cerchio et al. 2014; Pirotta et al. 2014). As such, these changes might 

have instead been scored higher as moderate or prolonged cessation of breeding 

(severity 7 or 8) (Southall et al. 2007); or moderate and prolonged cessations of 

feeding/resting (severity 6 or 7) (per revisions by Ellison et al. 2012). Further difficulties 

arise in scoring changes to vocalisations that have not yet been ascribed an ecological 

significance, such as the majority of sounds produced by baleen whales. Strict 

adherence to Southall et al. (2007) would score changes in vocalisations as 4 to 6, 

while a score of 7 or 8 might be recorded by application of a more precautionary 

approach. Pilot whales proved particularly difficult to score since they imitated the 

sounds of, and moved towards, operating MFAS (Alves et al. 2014). 
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2. Inconsistent measurement, estimation, and reporting of RL 

Although strong recommendations have been made repeatedly in the literature to 

appropriately and consistently measure, estimate, and report acoustic metrics 

(Richardson et al. 1995; Madsen 2005; Merchant et al. 2015) few studies have 

implemented this. This lack of reporting is reflected in the absence of information 

associated with RL units in some examples provided in this manuscript (see 

Discussion), such as if they arose from bandwidth, peak2to2peak or rms measurements. 

To allow for some level of comparison, we used the maximum RLSPL in the analysis 

because it was the metric most often reported across studies, although it may not 

necessarily be the most appropriate response metric (Madsen et al. 2006; Miller et al. 

2014; see also Section I in S3). For example, cumulative sound exposure level (CSEL, 

which integrates acoustic energy over time) could be a more relevant metric than SPL 

(Madsen 2005; Miller et al. 2012; Tougaard et al. 2015). In addition, it has been 

suggested that sound levels relative to a marine mammal’s hearing threshold (sensation 

levels, MacGillivray et al. 2014) based on audiogram2specific hearing weightings may 

provide a more appropriate metric (Ellison et al. 2012). Additional acoustic metrics, such 

as the signal2to2noise ratio (i.e., the relative level of the sound signal in comparison with 

the background noise), should also be considered potentially relevant to responses 

(Dunlop et al. 2013). Unfortunately, such details are rarely presented in the current 

literature, if the information is available at all. Accordingly, many assessments have 

used the generalised auditory criteria that were tested in this review (e.g., LGL 2010; 

JASCO 2015; NOAA 2015; Statoil 2015). This functional hearing group approach, 

however, is not accepted nor applied universally in assessments (Tougaard et al. 2015) 
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and recent evidence suggests that the hearing mechanisms of marine mammals are not 

fully understood (Berns et al. 2015). 

As a consequence, the lack of information and lack of measurement standardization 

may be underpinning our results that demonstrated that RL is an uninformative variable 

for predicting behavioural response. However, we do not believe this to be always the 

case as there are also several individual studies that have found no link between RL 

and behavioural responses. For example, Miller et al. (2000) found that the increase in 

humpback whale song length during exposure to LFAS transmissions (RL: 150 dB re 1 

O Pa rms) did not correlate with maximum RL. Similarly, behavioural responses of one 

gray whale (i.e., decreased blow interval, length of surfacing, and length of dive) 

exposed to drillship playback seemed to be more pronounced when exposed to lower, 

rather than higher, RLs (Malme et al. 1986). 

3. Context of exposure and natural variation: it’s complicated 

Details about important contextual variables such as the behaviour of individuals prior to 

sound exposure, etc. were compiled during this review when available (see S2), but 

could not be included in the analysis. This was due to limited sample sizes that were 

partly a function of the high variability in the definitions employed in the reviewed 

studies to differentiate between a state, behaviour, or activity 2 if they were presented at 

all (Figure 3, Table 5). However, these studies did show that, for example, animals 

engaged in foraging may be less overtly responsive than those travelling, presumably 

due to the benefits of pursuing their activity in comparison to the costs of interrupting 

this behaviour through displacement (e.g., Miller et al. 2009). This tendency has been 
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reported in various species responding to different acoustic sources (e.g., dolphins, 

Richardson et al. 1995; manatees, Miksis2Old and Wagner 2012), but it has been 

perhaps most extensively documented in bowhead whales (Richardson et al. 1995; 

Koski et al. 2009; Robertson et al. 2013; Robertson 2014). This is reflected in the data 

cases gathered for baleen whales exposed to seismic; however this is not evident for 

other species and noise sources (see Data exploration 2 2 Section IV in S3, and see 

plots in S2 when selecting foraging and traveling in the ‘behaviour prior to sound 

exposure’ filter). Killer whales and pilot whales (%������

���������), for example, 

ceased deep foraging dives when exposed to playbacks of active sonar in the range 

between 122 kHz (see Table 3) while individuals conducting non2feeding shallow dives 

(likely traveling or resting) did not alter their dive behaviour during sound exposure 

(Sivle et al. 2012). Similarly, blue whales that were either feeding in deep water, or not 

feeding, ceased their behaviour during controlled exposures to simulated MFAS, 

whereas individuals that were foraging closer to the surface typically did not change 

their behaviour (Goldbogen et al. 2013). 

Complicating matters further, behavioural responses during playback experiments also 

differed from those responses observed when exposed to a real operating source at the 

same output level. For example, bowhead whales exposed to seismic activities (RL: 

1072158 dB re 1 O Pa) did not exhibit avoidance nor changes in their surface behaviour, 

while individuals exposed to experimentally2controlled airgun sounds (RL: 1242134 dB 

re 1 O Pa) moved away from the area (Richardson et al. 1986). Similar results were 

reported for Cuvier’s beaked whales (!�

���������������), which strongly avoided 

playbacks of MFAS at distances of 10 km, but reacted much less severely to naval 
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sonar operating 118 km away, despite similar RLs (DeRuiter et al. 2013a). In contrast, 

Blainville’s beaked whales (����
������������������) ceased echolocating during deep 

foraging dives and moved away during both real and simulation playbacks of MFAS 

(Tyack et al. 2011). In contrast to earlier studies that in some cases used playbacks of 

recorded noise2generating activities (e.g., Richardson et al. 1990, 1995) recent 

behavioural response controlled studies use real operating sound sources (e.g., Miller 

et al. 2012). Many of these controlled experiments can last a few hours in a day while 

real operations can last for several days and can occur multiple times in a year. 

Behavioural response studies conducted during real operations in terms of time and 

sound source will ultimately provide the most realistic conditions of sound exposure. 

It has been suggested that, at least on some occasions, the distance from the sound 

source might be important, regardless of the RL (DeRuiter et al. 2013a). Some support 

for this can be found in a study of sperm whales that found buzz production rates were 

linked more to the distance to a seismic source rather than RLs, which were higher with 

the source between 5 to 12.6 km than they were at 2 km (Madsen et al. 2006). 

Therefore, distance from the sound source, in addition to RL, should be considered. 

In addition to the variation in responses dependent on the behaviour of individuals prior 

to exposure and distance from the sound source, reactions may also vary by gender, 

age, sexual condition, individuals, and other physical factors such as habitat use. For 

example, groups of humpback whale females with calves consistently avoided a single 

operating airgun (RL: up to 143 dB re 1 O Pa rms), while in contrast male humpbacks 

were attracted to it at higher RLs (RL: 179 dB re 1 Y Pa rms) (McCauley et al. 2000). 
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Similarly, sighting rates of female bottlenose dolphins decreased over eight years of 

bridge construction while sighting rates of males remained unchanged (Weaver 2015). 

Female killer whales seemed to be more likely than males to respond to the passage of 

a ship (Williams et al. 2014). Irrespective of gender, there are also inter2individual 

differences in the amount of cumulative time that dolphins spend in the presence of 

boats (Pirotta et al. 2015).  

Animals’ previous experience with particular sounds is another factor. For example, 

some of the most severe behavioural responses (scores 8 and 9) found in this review 

were for naïve, wild belugas (���

���
������������) in the Canadian high Arctic, 

responding to some of the lowest RLs reported: 902120 dB re 1 O Pa rms (LGL and 

Greeneridge 1986 in Southall et al. 2007; Finley et al. 1990). In contrast, beluga in the 

St. Lawrence Estuary generally exhibit much less severe behavioural responses to 

passing vessels (Lesage et al. 1999), suggesting that they may be more tolerant to 

vessels (Wartzok et al. 2004). Belugas in the St. Lawrence are not naïve to shipping 

noise as they live in an area with a high proportion of vessels with a broadband SPL 

rms exceeding 120 dB re 1 O Pa for about 8232% of the time, depending on the site 

(McQuinn et al. 2011). However, despite the differences in the magnitude of responses 

at each study area, behaviour of belugas at both sites was changed significantly 

compared with baseline conditions. Similarly, blue whales in feeding areas off California 

have altered their diving and acoustic behaviour during simulated MFAS playback, in 

some cases at very low RLs: 130 dB re 1 O Pa (Melcon et al. 2012; Goldbogen et al. 

2013). This area is subject to a high level of naval activity so these individuals were 

likely not naïve to MFAS sounds (Goldbogen et al. 2013). 
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Other contextual factors are likely environmental, which can make them harder to 

ascertain. For example, travelling bowhead whales avoided drilling operations when 

they were not confined by ice (RL: 120 dB re 1 O Pa); but exhibited tolerance of higher 

RLs (RL: up to 135 dB re 1 O Pa) when there was no alternative route through the ice 

(Richardson et al. 1991a in Richardson et al.1995). However, in most cases in this 

review, it is unclear what contextual metrics, or combinations thereof, triggered 

observed behavioural responses. For example, migrating humpback whales in Australia 

showed avoidance reactions to alarm sounds in one study (2.022.1 kHz, source level: 

1482153 dB re 1 O Pa, range: 0.322 km, Dunlop et al. 2013), but not in another study 

with similar contextual circumstances (3 kHz, source level: 135 dB re 1 O Pa, range: up 

to 500m, Harcourt et al. 2014). Similarly, variability in responses of foraging sperm 

whales exposed to seismic surveys has been seen in Norway (Madsen et al. 2002; 

Miller et al. 2009) and the Gulf of Mexico (Mate et al. 1994). Other examples can be 

seen in the between2individual response variability in gray whales and humpback 

whales responding to airgun sound exposures (Malme et al.1985; Malme et al. 1986; 

McCauley et al. 2000). 

Given that this review represents a thorough assessment, it is concerning that we were 

unable to incorporate any statistical assessment of context due to the specificities and 

lack of standardization across studies (S2, Figure 3). Addressing this issue would 

require a comprehensive global research programme to assess acoustic effects in a 

comparative way across numerous geographic locations, species, ages, sexes, 

reproductive states and environmental conditions to generate the data required for a 

generalised model. Accordingly, it may remain impossible to incorporate context into a 
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response severity scale in anything more than the most general manner (e.g., this is a 

migration route, or a feeding area), at least for the foreseeable future until more well2

designed and standardized studies are undertaken (see Erbe et al. 2016 for a summary 

of the protocols and standards necessary for research on noise impacts on marine life). 

Summary, final remarks, and recommendations  

This review provides a synthesis of the many behavioural responses of marine 

mammals to noise. The results of the analysis showed that the severity of the 

behavioural responses is different for baleen whales and MF toothed cetaceans, 

depending on the type of sound source to which they are exposed. However, 

incorporating the intensity of the sound received by the individuals or RL, did not 

improve model predictions of the severity of the behavioural responses of whales and 

dolphins to noise. Context of exposure plays a critical and complex role in modulating 

severity of behavioural response, however, it was impossible to include contextual 

variables in the analysis due to the very small sample sizes, the specificities, and lack of 

standardization across the many studies reviewed.  

It is clear from this review that a generalised predictive model of acoustic behavioural 

impact, mediated via behavioural responses (i.e., via a linear severity scale), based 

upon RL and context, is challenging at best, and currently unfeasible with the datasets 

available in the published literature. This is because the studies we reviewed, which 

represent the best available science on the effects of noise on the behaviour of marine 

mammals to date, while aggregated and analysed in detail, did not provide complete, 
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clear and consistent information on pressure/response relationships and related 

contextual information. 

While the findings of this systematic review should not preclude a species2by2species 

approach to management when sufficient data is available (Williams et al. 2014; 

Tougaard et al. 2015), they do suggest that an alternative approach is required for 

making more generalised or multi2species management decisions (Dekeling et al. 

2014). As a starting point to developing an alternative framework, we recommend 

substituting the behavioural response severity score with an approach focused on 

dichotomous measures of effects, conveyed through observed behavioural responses: 

i. physical avoidance (e.g., were individuals displaced, if yes, for how long and 

how far from the noise source);  

ii. acoustic behavioural change (e.g., did individuals change their vocal 

behaviour (Table 8), if yes, for how long and how far from the noise source), 

which will include Lombard effect responses to masking. 

Both of these can represent measures of impact in terms of habitat loss and 

degradation of either physical habitat or acoustic habitat, and are relatively easy to 

measure (e.g., based on direct field measurements). For example, during a seismic 

survey, a proportion of the population of harbour porpoises was displaced by 5 to 10 

km, although the level of displacement declined through the 10 day survey; harbour 

porpoises remaining in the impact area reduced their vocal behaviour by 15% for 10 

days (Thompson et al. 2013; Pirotta et al. 2014). Assessing vocal behaviour changes 

provides insight into potential sub2lethal effects on the individuals that remain within the 
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disturbed area (e.g., alteration of foraging performance, Thompson et al. 2013, see 

Williams et al. 2014). Importantly, when including all data cases (with and without RL 

reported) for studies that measured acoustic behavioural changes, 90% reported a 

change in acoustic behaviour while 10% did not report acoustic behavioural change 

(see Data exploration 1 2 Section IV in S3). This strongly supports our contention that it 

is critical to include acoustic behavioural change in studies that aim at evaluating 

behavioural responses of marine mammals to noise. 

The literature compiled in this review can be used to continue the process of 

summarizing information on behavioural responses of marine mammals to noise. Future 

studies could follow an approach similar to those used by Thompson et al. (2013) and 

Pirotta et al. (2014) to develop specific look up tables that provide the best available or 

precautionary “distance of effect” for a given geographic location, species, sound source 

and context of exposure. As in those studies, we recommend that behavioural 

responses of marine mammals to noise should be investigated under real conditions of 

operation. 

In addition to using behavioural responses as indicators of habitat loss and degradation, 

a quantification of the potential loss of acoustic communication space can also be 

incorporated simply into this framework ( Møhl, 1980, 1981; Clark et al. 2009; Hatch et 

al. 2012; Moore et al. 2012; Erbe 2015) as a proxy for additional sub2lethal impacts 

such as masking and/or stress responses (zone 2 in Figure 1). Methods are currently 

being refined to incorporate various noise effects into population consequences of 

disturbance (PCoD) models (e.g., King et al. 2015) and new drone technology is starting 
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to allow scientist to monitor not simply changes in behaviour due to anthropogenic 

stressors but changes in body condition and health (Smith et al. 2016).   

Monitoring and regulating the effect of noise on the behaviour of marine mammal 

populations should be based on variables that are associated with potential effects on 

foraging, socializing, reproduction, or survival. The North American current paradigm 

used to evaluate and regulate the effects of noise on the behaviour of marine mammals 

relies on establishing allowable generic multi2species RL thresholds at which individuals�

are predicted to display significant behavioural responses (often termed harassment). 

The results presented in this review summarize what many individual studies have also 

concluded: the monitoring and regulation of sub2lethal impacts of noise on cetaceans 

should not rely entirely and solely upon generic RL thresholds. As a result, regulators 

continuing to base assessments of behavioural and other sub2lethal impacts of noise 

exposure on marine mammals solely on generic RL are failing to properly evaluate 

these impacts, and thus also fall short of properly managing and mitigating these 

effects. 
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Tables 

Table 1. Examples of definitions provided by Southall et al. (2007) to assign a 

behavioural response severity score. Subjective definitions are highlighted in bold. 

Score Corresponding Behaviour Types (e.g.,) 

 0 No observable response 

 1 Brief orientation response 

 2 Moderate or multiple orienting behaviours 

 3 Prolonged orientation behaviour 

 4 Changes in locomotion speed, direction, or diving  

 5 
Extensive or prolonged changes in locomotion speed, direction, or 

diving 

 6 Minor or moderate individual or group avoidance of sound source 

 7 Severe and/or sustained avoidance of sound source 

 8 Long2term avoidance of area (>source operation) 

 9 
Outright panic, flight, stampede, attack of conspecifics, or stranding 

events 
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Table 2. Proposed cut2offs of the 102index score proposed by Southall et al. (2007), 

Miller et al. (2012), Williams et al. (2014) and this review. 

Score Southall et al. (2007) 
Miller et al. 

(2012) 
Williams et al. 

(2014) 
This review 

0 

Minor/ brief responses  
Not likely to 

affect vital 
rates 

No change  

Low/Nil 
1 Minor 

2 
 

3 
Moderate 

4 Higher potential to affect 

Likely to 
affect vital 
rates  

Moderate 
5 

foraging, reproduction, 
or  

Extensive  

6 survival 

Not applicable 

High 
7 Likely to affect foraging, 

reproduction or 
survival   

8 
Very high 

9 
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Table 3. Number of data cases for studies that reported RL and behavioural responses 

of cetaceans to Low Frequency Active Sonar (LFAS) in the wild.  Note that data cases 

can represent either one or multiple studies. 

Studies 
Frequency 
reported  

Name  
reported  

Name 
assigned  

# cases 
(baleen 
whales) 

# data 
cases 

(toothed 
cetaceans) 

Clark et al. 1999; 
Buck and Tyack 2000 
in Ellison et al. 2012 

160 2 330 Hz LFAS LFAS 2   

Croll et al. 2001 130 2 320 Hz 
US Navy 
SURTASS LFAS 

LFAS 2   

Frankel and Clark 
1998 

centred at 75 Hz 
with a 302Hz 
bandwidth 

752Hz 
M2sequence 
sound 

LFAS 1   

Frankel and Clark 
2000 

75 Hz, with a 
noticeable third 
harmonic at 
225 Hz 

Acoustic 
Thermometry 
of Ocean 
Climate (ATOC) 
sounds 

LFAS 1   

Fristrup et al. 2003 150 2 320 Hz 
US Navy 
SURTASS LFAs 

LFAS 1   

Miller et al 2011; 
2012; 2014 

1 2 2 kHz  LFAS MFAS   9 

Miller et al 2011; 
2012; Antunes et al. 
2014; Alves et al. 
2014 

1 2 2 kHz  LFAS MFAS   15 

Miller et al 2011, 
2012; Sivle et al. 
2012; Wensveen 
2012  

1 2 2 kHz  LFAS MFAS   22 

Miller et al. 2000; 
Biassoni et al. 2000 

130 2 160 Hz 
(low 
component) and 
260 – 320 Hz 
(high 
component) 

US Navy 
SURTASS LFAS 

LFAS 1   

Risch et al. 2012 (with 
rebuttal by Gong et al. 
2014) 

bandwidth of 
roughly 50 Hz, 
centre 
frequencies 
approx. 415, 
735, 950 Hz 

Ocean Acoustic 
Waveguide 
Remote Sensing 
(OAWRS) 
sounds 

LFAS 1   

Number of data 
cases 

      9 46 
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Table 4. Functional hearing groups representing the frequency band of hearing for all 

species within the group, although individual species’ hearing ranges are typically not as 

broad (Southall et al. 2007, NOAA 2015). The hearing range for the low2frequency 

group was estimated based on behavioural studies, recorded vocalizations, and inner 

ear morphology measurements (NOAA 2015).  

Functional hearing group 
Species grouping or species 

Hearing Range 

High�frequency cetaceans (HF toothed cetaceans) 
Harbour porpoise (	
�������

������), *�����spp., 
river dolphins, Hector's dolphin (+�

����
���
���

������), Hourglass dolphins (,������
���
�����������- �
Peale’s dolphins (,������
���
������������) 

200 Hz to 180 kHz 

Mid�frequency cetaceans (MF toothed cetaceans) 
Beaked whales [Baird’s beaked whale (����������spp.), 
Blainville's beaked whale (����
������������������), 
Cuvier's beaked whale (!�

���������������)] 
Beluga whale (���

���
������������) 
Dolphins [Bottlenose dolphin ($�����
�����������), 
common dolphin (���

��������

��), Indo2pacific 
bottlenose dolphin ($�����
���������), rough2toothed 
dolphin (�����������������), white2beaked dolphin 
(,������
���
��������������), white2sided 
dolphin(,������
���
���������)] 
Killer whale (#�����������) 
Sperm whale (	
��������������

����) 

150 Hz to 160 kHz 

Low�frequency cetaceans (LF baleen whales) 
Bowhead whale (������������������), right whale 
(����������spp.), blue whale (�������
�������������), 
fin whale (�������
�����

������), gray whale 
(���
���
�������������), humpback whale (����
�����
�����������), minke whale (�������
������������������) 

7 Hz to 30 kHz 

Phocid pinnipeds 
Harbor seal (	
������������), grey seal ('����
������
���
��), ringed seal (	
����
��
���), bearded seal 
(�������
�����������) 

75 Hz to 100 kHz 

Otariid pinnipeds 
Sea lions and fur seals, California sea lion (!���

���
�������������) 

100 Hz to 40 kHz 
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Table 5. Behaviour category assigned for each study when information on the 

behaviour, state, or activities were reported on wild individuals or populations prior to 

being exposed to noise. 

Behaviour prior 
to exposure  

Examples of behaviour types, state and/or 
activities reported in the literature reviewed 

Foraging 
Feeding, foraging, vocalizations as proxy for 
foraging, deep feeding/foraging 

Resting Resting, hauling2out during non2breeding season 

Socializing 
Socializing, breeding, calving, mating, vocalizing 
(non2foraging calls such as reproductive calls) 

Traveling Traveling, migrating, directional swimming 
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Table 6. Number of data cases compiled for studies of wild individuals/populations that 

provided RL and behavioural responses for several types of sound sources (� = 256). 

The number of data cases for the behavioural score responses ‘very high’ are 

presented in parenthesis and the data cases highlighted in bold were used in the 

analysis. Each data case can represent one study or can represent multiple studies. 

Sounds 
HF 
toothed 
cetaceans 

MF 
toothed 
cetaceans 

LF 
baleen 
whales 

Manatees 

Phocid 
and 
otariid 
pinnipeds 

Various 

Acoustic 
alarm 

14 3+(1) 1   2 1 

Artificial 
sounds 

    2   2   

High 
frequency 

  1    

LFAS    
 

9   1   

MFAS    81+(1) 4       

Missile 
launch 

        3   

Pile/pipe 
driving 

2       2   

Sonic 
booms  

        1   

Seismic2
Explosion 

1 6 42   2   

Aircraft    2 2   1   

Continuous 1  49+(2) 14 2 (1)   

Number of 
data 
cases 

18 145 75 2 15 1 
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Table 7. Model selection statistics. ∆AICc: delta Akaike information criterion; Ei: 

evidence ratio; k: number of estimated parameters ( Burnham and Anderson 2002; 

Anderson 2008). Data used here correspond to the majority of data cases compiled 

(highlighted in bold in Table 6) (� = 195). Only results with Ei < 10 are presented. 

Model k ∆AICc Ei 

Functional hearing group + Sound source + 
 Functional hearing group * Source 

5 0.000 1.000 

Functional hearing group + Sound source + RL 
+ Functional hearing group * Sound source 

6 1.77 2.42 

Functional hearing group + Sound source 3 2.86 4.17 

Functional hearing group + Sound source + RL 4 4.25 8.38 

Functional hearing group + RL  6 5.28 14.02 
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Table 8. Studies that report changes in the vocal behaviour of wild marine mammals 

due to noise exposure. 

Vocal 
behaviour 
change 

Species  Reference 

Vocalisation 
duration 
increase 

killer whale, humpback 
whale, bowhead whale  

Biassoni et al. 2000; Miller et al. 
2000; Fristrup et al. 2003; Foote et 
al. 2004; Blackwell et al. 2015 

Vocalisation 
duration 
decrease 

fin whale, manatee 
Castellote et al. 2012; Miksis2Olds 
and Tyack 2009 

Vocalisation 
cessation 

sperm whale, Blainville’s 
beaked whale, beluga, 
blue whale, humpback 
whale, fin whale, 
bowhead whale, Baird’s 
beaked whale, killer 
whale, Cuvier’s beaked 
whale  

Watkins et al. 1985; Lesage et al. 
1999; Clark and Gagnon 2006; 
Aguilar Soto et al. 2006; McDonald 
et al. 1995; Tyack et al. 2011; 
Richardson et al. 1985; Cerchio et 
al. 2014; Stimpert et al. 2014; Miller 
et al. 2012; Risch et al. 2012; 
Blackwell et al. 2015; DeRuiter et 
al. 2013� 

Vocalization 
rate 
decrease 

right whale, Blainville’s 
beaked whale, blue 
whales, sperm whale, 
manatees, pilot whale, 
bowhead whale, melon2
headed whale, harp seals 

Potter et al. 2007; Parks et al. 2007; 
Miksis2Olds and Tyack 2009; 
McCarthy et al. 2011; Melcón et al. 
2012; Miller et al. 2012; Blackwell et 
al. 2015; DeRuiter et al. 2013�; 
Terhune et al. 1979; Azzara et al. 
2013 

Vocalization 
rate increase 

bottlenose dolphin, 
beluga, Pacific humpback 
dolphin, sperm whale, 
false killer whale, 
humpback whale, killer 
whale, blue whale, pilot 
whale, harp seals 

Lesage et al. 1999; Buckstaff 2004; 
Doyle et al. 2008; Tyack 1983; Van 
Parijs and Corkeron 2001; DeRuiter 
et al. 2013�; Tyack et al. 2011; 
Miller et al. 2012; Di lorio and Clark 
2010; Rendell and Gordon 1999 

Vocalization 
frequency 
shift 

gray whale, fin whale, 
right whale, beluga, 
bottlenose dolphin, short2
beaked common, Atlantic 
spotted, and striped2
dolphin, false killer whale, 
killer whale, pilot whale 

Dahlheim 1987; Lesage et al. 1999; 
Parks et al. 2007; Castellote et al. 
2012; La Manna et al. 2013; Papale 
et al. 2015; DeRuiter et al. 2013�; 
Tyack et al. 2011; Miller et al. 2012 
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Vocal 
behaviour 
change 

Species  Reference 

Vocalization 
intensity 
increase 

killer whale, right whale, 
bottlenose dolphin, 
beluga whale, blue whale 

Scheifele et al. 2005; Finley et al. 
1990; Holt et al. 2009; Holt et al. 
2009, 2011; La Manna et al. 2013; 
McKenna 2011; Parks et al. 2011 

Vocalization 
redundancy 
increase  

Beluga, pilot whale 
Lesage et al. 1999; Rendell and 
Gordon 1999 

Vocalization 
matching  

pilot whale, false killer 
whale 

Miller et al. 2012; Antunes et al. 
2014; Alves et al. 2014; DeRuiter et 
al. 2013� 
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List of figures 

 

Figure 1. Examples of the effects of noise on marine mammals with respect to distance 

from the sound source. Zone 1 represents areas closer to the sound source, with RL of 

relatively high intensity that could cause a loss of hearing sensitivity: Permanent 

Threshold Shift (PTS) or Temporary Threshold Shift (TTS). Zone 2 represents areas 

farther from the sound source where individuals might show behavioural responses 

(e.g., cessation of feeding), stress responses, and/or experience acoustic masking 

(interference with individual’s ability to detect, recognize and/or discriminate sounds). 

Zone 1 can include all types of impact. Zone 2 only includes long2range impacts. Zone 3 

represents areas beyond those where impacts are expected. Adapted from Fig. 1 of 

Dooling and Therrin (2007). 

 

Figure 2. PRISMA (preferred reporting items for systematic reviews and meta2analyses) 

diagram illustrating the process for selection of publications included in the systematic 

review. 

 

Figure 3. Process for selection of variables and data cases included in the analysis. 

Panel A illustrates the process for selecting data cases for the analysis. Panel B 

illustrates the reduction in the number of data cases when including two additional 

contextual variables that had the largest sample sizes: data cases equal to or larger 

than 10. 
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Figure 4. Probability density function (via Kernel density estimation) of the behavioural 

response severity score (low, moderate, high) of LF baleen whales and MF toothed 

cetaceans in relation to RL of continuous, MFAS, and seismic/explosion sound sources. 

The values provided for behavioural score responses and RLSPL are the maximum 

reported for each study reviewed. RL SPL, measured as rms, peak or peak2to2peak, 

ranged between 82 to 180, see raw data in S2. � = number of data cases.  

 

Figure 5. Relative proportion of behavioural response severity scores (high, moderate, 

low) for each sound source (sample size indicated on top of each bar) and functional 

hearing group (LF baleen whales and MF toothed cetaceans). Predicted model 

probabilities are presented as black dots with corresponding 95% confidence intervals. 

Model probabilities and relative proportion of data cases for each behavioural response 

severity score showed little discrepancy, suggesting overall good model fit. Due to small 

sample sizes, caution is warranted when interpreting the specific patterns of severity. 
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Zone 1 Zone 2 Zone 3 

PTS 

TTS 

Loss of hearing sensitivity:  
permanent hearing changes or loss  
in respective frequency hearing 
bands 

Behavioural and stress 
responses, natural sounds 

covered by noise               

Beyond 
anthropogenic 
sounds 

Relative Distance from Sound Source 

Masking 

Noise 
inaudible 
to marine 
mammals 

Stress response 

Generic RL thresholds commonly used for behavioural disturbance: 
160 dB re 1 µ Pa (root-mean-square [rms]) (impulsive sounds) 
120 dB re 1 µ Pa [rms] (non-impulsive sounds) 

Behavioural response 

Page 80 of 84

https://mc06.manuscriptcentral.com/cjz-pubs

Canadian Journal of Zoology



Draft

Id
e
n

ti
fi
c
a

ti
o

n
 

E
lig

ib
ili

ty
 

In
c
lu

d
e
d
 

Records excluded 

(n = 422) 

Reasons for exclusion: Studies not related 

to marine mammal/man-made-sounds 

Full-text articles assessed 

for eligibility 

(n = 265) 

Full-text articles excluded 

(n = 105) 

Reasons for exclusion: 

Behavioural responses of 

individuals/populations not 

reported/measured, studies in captivity 

Studies included in 

qualitative synthesis 

(n = 219) 

Studies included in 

quantitative synthesis 

(meta-analysis) 

(n = 79) 

S
c
re

e
n
in

g
 

Full-text articles excluded 

(n = 140) 

Reasons for exclusion: Received Sound 

Levels SPL not reported; inadequate data 

quality and sample sizes for meta-analysis 

(see Figure 3) 

Records identified through 

public database searching 

(n = 510) 

Additional records identified 

through manual searches 

(n =348) 

Records after duplicates removed 

(n =792) 

 

Records screened 

(n = 370) 
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Data cases that included movement of the sound source (n = 125) 

Hearing  
Frequency 
group 

 Platform 
movement 

Continuous MFAS 
Seismic-
Explosion 

LF baleen  
whales 

Moving 4 1 10 
Stationary 3 2 2 

MF toothed  
whales 

Moving 42 6 1 
Moving 
(approaching) 

49 

Stationary 1 4   

Data cases excluded (n = 57): 
HF toothed whales, manatees 
and pinnipeds; acoustic 
alarms, artificial sounds,  
missile launch, pile/pipe 
driving, sonic booms, aircraft 
sounds 

Total number of data cases compiled that included behavioural 
responses, species, type of sound source and RL (n = 256) 

Majority of data cases: MF toothed whales and LF 
baleen whales exposed to continuous, MFAS, and 
seismic/explosion sound sources (n = 199) 

Data cases excluded (n = 4): 
behavioural score response 
‘very high’ and RLSEL 

RLSPL measured as rms, peak or peak-to-peak 
(n = 195, see Table 6) 

Data cases excluded (n = 22): 
RLSPL not measured as rms 

Data cases that included behaviour prior to sound exposure (n = 128)  
 

Functional 
hearing group 

Behaviour prior 
to sound 
exposure 

Continuous MFAS 
Seismic-
Explosion 

LF baleen 
whales 

Foraging 4 3 6 

Resting 1 

Socializing  
Traveling 3   6 

MF toothed 
whales 

Foraging 4 22 1 

Socializing  2 

Traveling 39 37   
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Excluded data 
cases that 
included resting 
and socializing 
individuals prior to 
sound exposure (n 
= 3) 

RLSPL measured as rms 
(n = 173) 
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cases that did not 
report behaviour 
prior to sound 
exposure (n = 45) 
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