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Abstract 23 

Auditory masking by anthropogenic noise may impact marine mammals relying on sound for 24 

important life functions, including echolocation. Animals have evolved antimasking strategies, 25 

but they may not be completely effective or cost-free. We formulated seven a priori hypotheses 26 

on how odontocete echolocation behavior could indicate masking. We addressed six of them 27 

using data from 15 tagged sperm whales subject to experimental exposures of pulsed and 28 

continuous active sonar (PAS and CAS). Sea state, received single-pulse sound exposure level 29 

(SELsp), whale depth and orientation towards surface and sonar were considered as candidate 30 

covariates representing different masking conditions. Echolocation behavior, including buzz 31 

duration and search range, varied strongly with depth. After controlling for depth and angle to the 32 

surface, the likelihood of buzzing following a click train decreased with sea state (t=-7.3, 33 

p<0.001). There was little evidence for changes in 10 tested variables with increasing sonar 34 

SELsp, except reduced buzzing consistent with previously reported feeding cessation (t=-2.26, 35 

p=0.02). A potential Lombard effect was detected in echolocation with sea state and SELsp, 36 

despite off-axis measurement and right-hand censoring due to acoustic clipping. The results are 37 

not conclusive on masking effects on sperm whale echolocation, highlighting challenges and 38 

opportunities for future anthropogenic masking studies. 39 
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1 | INTRODUCTION 43 

Anthropogenic noise sources elicit changes in marine mammal behavior across a diversity of 44 

species and contexts. Behavioral responses are typically considered to be more consequential to 45 

individual fitness (“severe”) if they are associated with cessation of functional behaviors, such as 46 

foraging and nursing, and are longer in duration without waning (Gomez et al., 2016; Southall et 47 

al., 2007). However, the lack of severe behavioral response to and increasing tolerance for 48 

anthropogenic activities do not necessarily equate to a lack of impact (Beale, 2007; Bejder et al., 49 

2009). A particular concern is that vulnerable individuals tolerate anthropogenic noise because 50 

they may be less able to respond or have a higher motivation to continue activities crucial for 51 

their survival, such as foraging. Noise effects such as physiological stress, habitat degradation 52 

and auditory masking are not necessarily associated with severe behavioral responses and could 53 

continue to impact tolerant individuals. While animals have evolved to cope with fluctuations in 54 

environmental noise (Gomes et al., 2021), such mechanisms may not be cost-free and may not be 55 

completely effective in response to anthropogenic noise, providing a potential for a relatively 56 

inconspicuous yet biologically significant impact. Low-severity behavioral responses to 57 

anthropogenic noise are widely reported across marine mammal species, even at the highest 58 

received levels (Gomez et al., 2016). It is therefore important to consider the potential impacts of 59 

apparent noise tolerance when animals continue activities such as foraging in the presence of 60 

anthropogenic noise. 61 

Auditory masking is a complex perceptual phenomenon that is “hard to detect and therefore 62 

hard to regulate” (Gisiner, 2016). Quantitative predictions can be made of when and where 63 

masking should occur (potential for masking) and how animals might compensate for it 64 

(antimasking strategies) (von Benda-Beckmann et al., 2021). The extent of auditory masking – 65 



 

and conversely, masking release – varies with the characteristics of the signal and masker (e.g., 66 

amplitude, time-frequency overlap, and spatial overlap), sender/receiver attributes (e.g., 67 

emission/receiver directionality and auditory integration times) the acoustic environment (e.g., 68 

sound propagation) (Erbe et al., 2016; Hotchkin & Parks, 2013) and in the case of echolocation, 69 

target properties (e.g., size, Nachtigall, 1980). The factors that can be controlled by the 70 

sender/receiver can form part of an active antimasking strategy. For example, a calling animal 71 

may be able to compensate for increased noise by increasing the call amplitude (Lombard 72 

effect)(Lane & Tranel, 1971), or shift call frequency or temporal pattern relative to the masker 73 

(Hotchkin & Parks, 2013). Lombard effects have been reported in social calls of several species 74 

of marine mammals, ranging from partial <<1 dB to full 1 dB increase in source level for each 1 75 

dB increase in ambient and/or anthropogenic noise, including pinnipeds (Fournet et al., 2021) and 76 

cetaceans (killer (Holt et al., 2009), humpback (Dunlop et al., 2014; Guazzo et al., 2020), right 77 

(Parks et al., 2011) and bowhead whales (Thode et al., 2020)). Echolocating dolphins and 78 

porpoises are known to adjust their click source level adaptively depending on the prey distance 79 

and environment (Au & Benoit-Bird, 2003; Jensen et al., 2009; Li et al., 2006). Besides acoustic 80 

and auditory factors, the extent of masking also depends upon sender/receiver location and 81 

orientation (Erbe et al., 2016).  For example, spatial release from auditory masking can occur 82 

when the listener spatially separates the signal and masker by altering its orientation  (Bain & 83 

Dahlheim, 1994; Holt & Schusterman, 2007; Popov et al., 2020) or increasing its distance (Erbe 84 

et al., 2016) relative to the masking source. Importantly, many antimasking tactics require 85 

changes in behavior (e.g., call characteristics, animal orientation, dive depth) and are therefore 86 

possible to measure e.g., using passive acoustic monitoring or animal-attached sound and 87 

movement recording tags. Thus, there is an opportunity to detect the occurrence of masking by 88 



 

quantifying antimasking behaviors and their association with environmental and anthropogenic 89 

noise expected to increase masking potential. 90 

The introduction of increasing numbers of continuous anthropogenic noise sources in the 91 

ocean raises concern over their masking potential. Intermittent noise sources such as conventional 92 

pulsed active sonar (PAS) produce fluctuating noise levels that provide animals with more 93 

listening opportunities during low-level periods (e.g., “within-valley listening” in bottlenose 94 

dolphins (Branstetter et al., 2013), “multiple looks” in beluga whales (Erbe, 2008)) compared to 95 

more continuous noise sources such as continuous active sonar (CAS) for which such temporal 96 

release from masking may not be as feasible. With advancing hardware and signal processing 97 

technology, continuous active sonar systems allow human users more detection opportunities, 98 

and may also be used at lower source levels (Bates et al., 2018; van Vossen et al., 2011). 99 

Continuous systems are subsequently becoming an operational reality for navy sonar and seismic 100 

surveys (“vibroseis”) around the globe (Duncan et al., 2017). This leads to a pressing need to 101 

assess the impact of these new noise-emitting technologies and understand the different types of 102 

impacts due to intermittent and continuous noise sources. 103 

This study aimed to test indicators of auditory masking in echolocating sperm whales. We 104 

formulated specific hypotheses and corresponding data indicators for 1) less successful foraging 105 

and 2) potential antimasking strategies, broadly applicable to any echolocating odontocete (Table 106 

1). For each hypothesis, we expected the indicator to increase as a function of masking potential, 107 

such as under greater ambient noise conditions due to high sea state. Expected conditions for 108 

masking were generated in different ambient noise and received sonar exposure scenarios using 109 

theoretical modelling described in a recently published paper (von Benda-Beckmann et al., 2021). 110 

These hypotheses are not mutually exclusive; for example, in response to high sea surface noise, 111 



 

an echolocating animal may only need to increase source levels to increase echo levels above the 112 

noise floor (Hypothesis 4: amplitude masking release) when pitching up, i.e., facing the sea 113 

surface (Hypothesis 7: spatial masking release) due to hearing directionality. While a reduction in 114 

foraging effort and success could be driven by multiple underlying mechanisms (e.g., food-safety 115 

trade-off, distraction), specific antimasking strategies (e.g., Lombard effect) would provide more 116 

specific evidence that auditory masking may be driving the behavior. 117 

To address a subset of these masking indicators (Table 1) for tagged sperm whales, we 118 

measured changes in 10 data variables (Table 2). The 10 variables were modelled as a function of 119 

candidate covariates expected to increase masking potential (sea state, received level of PAS and 120 

CAS signals) and masking release (depth, surface angle, sonar angle) while controlling for depth 121 

(ambient pressure, vertical distribution of prey) in regressions with random effects for tag 122 

deployments. We found little support for the hypothesized masking effects. 123 

2 | METHODS 124 

2.1 | Experimental protocols 125 

Field data collection and experimental procedures are provided in detail in Kvadsheim et al 126 

(2021) and Isojunno et al (2020) and briefly summarized here. Sperm whales were tagged with 127 

suction-cup attached audio- and movement-recording tags (DTAG v3; (Johnson & Tyack, 2003)) 128 

north and west of Andenes, Norway in 2016-2017. At least four hours of baseline data were 129 

collected before the experimental phase, which consisted of a sequence of approaches by the 130 

source vessel (40-minute ‘exposure sessions’). The sonar source was towed but not transmitting 131 

during no-sonar control approaches, which were conducted before any sonar exposure sessions. 132 

Subsequent sonar exposure sessions of one of three possible sonar types were presented in a 133 



 

rotating order (Kvadsheim et al., 2021): 1) HPAS, 1 s hyperbolic upsweep from 1-2 kHz with a 134 

“high” maximum source level of 214 dB re 1 μPa m; 2) MPAS, 1 s hyperbolic upsweep from 1-2 135 

kHz with a “medium” maximum source level of 201 dB re 1 μPa m; or  3) CAS, 19 s hyperbolic 136 

upsweep from 1-2 kHz, with a maximum source level of 201 dB (re 1 μPa m, same as MPAS) 137 

and an energy source level of 214 dB (re 1 µPa2 m2 s, same as HPAS). Each signal was 138 

transmitted every 20 s, resulting in 5% and 95% duty cycles for PAS and CAS, respectively. 139 

2.2 | Data processing 140 

The main objective of the data processing was to extract 10 data indicators to test our 141 

hypotheses (Table 1, Table 2). The indicators were calculated for each prey capture attempt 142 

(“buzz”) and search (“regular”) click train. Buzz and regular click trains were extracted manually 143 

by auditing stereo acoustic data (sampled at 96 kHz) both aurally and visually using 144 

spectrograms. Buzzes were defined to include a terminal echolocation periods consisting of rapid 145 

click rate (>10 Hz). Auditors judged the start and end of each buzz from both change in 146 

amplitude and pitch of the clicking sound, relative to regular click trains. The time interval 147 

between the end of a buzz and the start of the following click train defined the pause duration (s). 148 

Movement sensor data from the tag were decimated to 5 Hz, and used to calculate depth, 3D 149 

acceleration, and body pitch angle of the whale using established methods (Johnson et al., 2009; 150 

Miller et al., 2011, 2004). Vertical velocity was calculated as the rate of change in depth. Pitch 151 

was converted to a facing angle to the surface directly above (in radians: pi/2 – pitch), hereafter 152 

termed surface angle. Following Isojunno and Miller (2018), overall dynamic body acceleration 153 

(ODBA) was calculated as the 2-norm of the whale-frame tri-axis acceleration. The acceleration 154 

values were high-pass filtered at half of the fundamental stroking rate of the animal, determined 155 

by selecting the lowest frequency peak in periodograms of acceleration (median: 0.12, range: 156 



 

0.09-1.16 strokes per second). The 2-norm ODBA was then standardized for each tag deployment 157 

by dividing by the median ODBA when the whale was at > 5 m depth. Finally, ODBA values 158 

were summarized for each click train as the root mean square (rms) ODBA over the duration of 159 

each train.  160 

Custom detectors were used to automatically detect individual regular clicks within audited 161 

regular click trains; buzz detection was also investigated but the performance of the buzz detector 162 

was found to be unreliable during sonar exposures. A two-stage process was used to identify the 163 

timing of regular clicks. An automated detector, using a 4 pole (Butterworth) band pass filter with 164 

cut frequencies (3 – 20 kHz) and a level threshold based on the envelope click calculation was 165 

used to detect clicks. The automated detections were then reviewed manually. Both processes 166 

used functions from the “tagtools” Matlab toolbox developed by Mark Johnson 167 

(http://www.animaltags.org/). For each regular click train, the detected clicks were used to 168 

calculate the first interclick intervals (ICIs), the click rate (inverse of the median ICI across the 169 

train), and overall click rate (total number of detections divided by click train duration) in 170 

seconds. The median click rate was used as it was more robust to any issues in click detection. 171 

The overall click rates were only used to assess the total number of detected clicks as an indicator 172 

of tag performance: by definition, regular click trains have slow click rates (<5 Hz/ ICI > 0.22s, 173 

(Teloni et al., 2008)) and therefore high total detection rates were used to indicate false positives 174 

from sources such as nontagged whale echolocation or mechanical noise. 175 

Apparent output (Madsen et al., 2005) level was measured for the first click in each regular 176 

click train as the zero-to-peak sound pressure (Madsen, 2005) levels, AOLzp, in a 7 ms time 177 

window encompassing the click detection. A lower-gain (-12 dB) channel was used to measure 178 

the AOLzp, nevertheless, clipping was apparent in the recording. Therefore, unfiltered, broadband 179 



 

levels were included in subsequent statistical analyses which considered the AOLzp as a right-180 

censored data variable. In other words, when AOLzp was measured at the clipping level, the true 181 

AOLzp was considered to be equal to or greater than the clipping level.  182 

Beaufort sea state was determined visually in the field by experienced marine mammal 183 

observers. The modern standard Beaufort scale was used, with the following notes available to 184 

the observers at data entry: 0 – glassy, mirror-like, 0.5 – glassy & ripple patches. 1 – scale 185 

ripples, 2 – small wavelets, 2.5 – wavelets, rare white caps, 3 - whitecaps, 4 – frequent whitecaps, 186 

and 5 – many white caps/spray. Sea state was recorded at hourly intervals and every time the 187 

experimental or weather conditions changed. Sea state data were appended to each click train 188 

based on their time stamps and assigned NA values when the tagged whale was farther than 6 km 189 

distance (the longest visual range obtained during the trial) from the observation vessel. 190 

Noise level measurements were attempted at the sperm whale echolocation band (centroid 191 

frequency 13.4-15 kHz, peak frequency 12 kHz; (Hastings & Au, 2008; Jensen et al., 2018; Møhl 192 

et al., 2003)), but they were dominated by system noise. Removal of sections with sperm whale 193 

clicks made the availability of noise measurements dependent on whale behavior – leading to a 194 

biased sample for further analyses. An alternative noise metric was therefore extracted in short 195 

windows prior to each click train. However these measurements were only weakly related to 196 

ambient noise conditions such as sea state (details provided in the Supplementary material). 197 

These results are consistent with previous work showing that animal-borne noise measurements 198 

are strongly influenced by tagged whale behavior, tag attachment, and the tag itself (von Benda-199 

Beckmann et al., 2021, 2016). Therefore, sea state and received level of sonar were used as the 200 

primary metrics for masking potential. 201 



 

Received sound exposure level integrated over the duration of the single pulse (SELsp, dB re 1 202 

μPa2 s) was measured in the sonar frequency band (0.98-2.24 kHz; based on the four third octave 203 

bands overlapping with 1-2 kHz sonar signal) for each sonar transmission in the DTAG acoustic 204 

recording (Miller et al., 2011). Received SELsp was used in favor of sound pressure level (SPL), 205 

as it is a better predictor of sperm whale cessation of foraging (Isojunno et al., 2020). Subsequent 206 

analyses considered the effect of SELsp during CAS and PAS separately to avoid assuming an 207 

equivalent effect. 208 

The “sonar angle” was the angular difference between the whale’s direction of travel (aka 209 

pointing angle, vector A) and direct bearing to the vessel position (vector B), calculated as cos-210 

1(A · B / |A||B|). Vector B was calculated from the vessel’s x-y-0 position and the whale’s x-y-z 211 

position. Vector A was calculated from pitch and horizontal movement direction at the start of 212 

each click train, defined as the first 1 s of data (averaging over 5 data points at 5 Hz; circular 213 

average in the case of pitch). The function ‘bearing’ in R package ‘geosphere’ (version 1.5-10) 214 

was used to calculate the horizontal components of the whale movement direction and whale-to-215 

vessel bearing. Two methods were used to estimate the whales’ horizontal (x-y) position at 1 s 216 

resolution, due to tag magnetometer sensor failure in the 2016 sea trial. When magnetometer data 217 

was available, the track was estimated based on tag-derived high-resolution movement variables 218 

as well as visual and GPS position fixes of the whale using a Bayesian state-space model (details 219 

in Wensveen et al. (2015)). Without magnetometer data available, simple linear interpolations 220 

between positions (calculated from visual and GPS positions) were used instead. 221 

2.3 | Statistical analysis 222 

The objective of the statistical analysis was to estimate changes in foraging behavior and 223 

therefore any click trains occurring outside foraging states (descent, layer-restricted search, and 224 



 

ascent states estimated using multivariate hidden Markov model (Isojunno et al., 2020)) were 225 

excluded from the analyzed data set. Furthermore, to ensure sufficient click detector 226 

performance, any regular click train with fewer than 5 detected clicks or total click detection rates 227 

higher than 5 Hz (ICI = 0.2s, Teloni et al., 2008) were removed. 228 

Generalized additive mixed models (GAMMs) were applied to seven response variables 229 

(Pause, Duration, ODBA, Stroke rate, Buzz, ICI, CR; Table 2), with individual whale (tag 230 

deployment) specified as the random effect in package mgcv (version: 1.8-33) (Wood, 2008) in R 231 

(version: 4.0.3). Each model included depth as a smooth covariate, sea state as a main effect, an 232 

interaction between sea state and depth, and an interaction between sea state and surface angle 233 

(with linear assumption at the log-scale). The log-linear assumption was specified based on the 234 

expected log-relationship between ambient noise and wind speed, which scales with sea state 235 

(Ainslie, 2010). The sea state interaction terms were specified to represent spatial masking 236 

release from the sea surface, and therefore a main effect of surface angle was not included, as this 237 

would have implied an effect of posture independent of sea state. Each model also included the 238 

no-sonar control session as a presence/absence variable.  239 

Sonar exposure was measured in terms of the maximum SELsp measured in the 20 s 240 

immediately prior to the click train (sp=single pulse), while accounting for the 3D angle to the 241 

sonar source (0 directly ahead, 180 directly behind). We considered both a combined effect 242 

(SELsp) and separate effects during CAS vs PAS exposures (SELsp_CAS, SELsp_PAS). The 243 

interaction between SELsp and sonar_angle was specified in three alternative ways: as a linear 244 

interaction (SELsp:sonar_angle), assuming no effect of SELsp at angles >90 deg (full masking 245 

release)(SELsp, facing), or as a non-linear smooth interaction. These covariate combinations resulted 246 

in six alternative model structures, listed in Supplementary Table S1. The six full models were 247 



 

then fitted for each seven response variables (log(Duration), log(ODBA), Pause, Stroke rate, 248 

Buzz, ICI and log(CR)). 249 

To test whether sperm whales actively changed their orientation relative to the sea surface 250 

noise and sonar source, two more gaussian GAMMs were fitted to logit-transformed sonar and 251 

surface angles (normalized to 0-1 dividing by 180 degrees). The model for sonar angle was fitted 252 

to data collected during exposure sessions (NS, CAS, and PAS), with time since start of the 253 

session and SEL as two smooth covariates (maximum number of knots = 5). The model for 254 

source angle was fitted to baseline and postexposure data with the covariate structure state + 255 

s(depth) + SeaState + SeaState:depth, where state is a factor covariate level with the levels 256 

descent, layer-restricted search (LRS), and ascent (Table S1). 257 

All statistical test results (see Supplementary material for details) were carefully assessed, but 258 

considering the number of tested models, the standard 5% significance level was divided by 6 to 259 

obtain a more conservative acceptance level of 0.83% for “good support” (Bland & Altman, 260 

1995) . 261 

A different modelling approach that allowed for right-censored data was required to model the 262 

click AOLzp that included clipped values. For this, a right-censored normal regression model was 263 

built in the R package ‘nimble’ (version: 0.10.1) and fit within a Bayesian Gibbs sampling 264 

framework. All estimable parameters were assigned uninformative priors (uniform or gamma 265 

distribution). “Full” models were specified to include the hypothesized Lombard effects a-priori 266 

for sea state and sonar, while their respective null models were included opposite-direction 267 

effects. Please see the supplementary material and associated R/nimble code for further details 268 

about the model specification. 269 



 

3 | RESULTS 270 

3.1 | Analyzed data sets 271 

A total of 131 hr of audited buzz and regular click trains were analyzed from 15 whales. 272 

Regular click trains with fewer than 5 detected clicks (n=1,118) or overall click detection rates 273 

higher than 5 Hz (n=769) were excluded from further analysis due to decreased detector 274 

performance under those conditions, with the former likely including false negatives and the 275 

latter false positives. This resulted in 1,910 buzzes and 5,963 regular click trains to be included in 276 

the analysis (Table 3).  277 

All tagged whales produced regular clicks during sonar exposures, and the majority of sonar 278 

exposures also contained buzzes (Tables 3-4, Fig. 1). The whales clicked over a wide range of 279 

surface and sonar angles, without consistent increase in the facing angles at higher sea states and 280 

during the sonar exposures (Hypothesis 7, Table 1) (Fig. 2). During sonar exposures echolocation 281 

click trains were produced at depths of 150-1,900 m (Fig. 1). Pauses were specified as gaps in 282 

clicking > 0.76 s in duration (the median ICI during regular clicking) following an inspection of 283 

the gap duration data, which showed a clear bimodal distribution (Fig. S1). 284 

3.2 | GAMM hypothesis tests 285 

Random effects models (GAMMs) were used to statistically test the hypotheses (Table 1) by 286 

modelling the candidate covariates for masking potential (sea state, received level of sonar) and 287 

behavior-dependent masking release (dive depth, surface angle, sonar angle) while controlling for 288 

the effects of depth on the response variables (Table 2, Table S1). 289 

Dive depth had a strong influence on echolocation behavior, but was not affected by exposure 290 

conditions. The smooth covariate for depth was supported at 0.83% significance level in models 291 



 

for log(Duration), log(ODBA), Buzz, ICI and log(CR) (see Table 2 for definitions), while no 292 

support was found for depth-dependency in Stroke rate or Pause occurrence (Table S3, Figs S2-293 

S6). Buzzes were longer and had a greater rms-ODBA at shallower depths (Fig. 3, Fig. S2). 294 

Regular click trains were more likely to be followed by a buzz at deeper depths, and at the 295 

deepest depths (>1,400 m), regular click trains also had a shorter initial ICI and faster click rate 296 

(Fig. 3, Fig. 4, Fig. 5). 297 

Sea state was supported as a main effect for Buzz and log(CR) at 0.83% significance level, but 298 

the log(CR) model did not appear robust (Fig. 3). After controlling for the effect of depth, buzz 299 

occurrence was reduced at high sea states (Table 4), especially at shallow surface angles and in 300 

depths <500 m (Fig. 3, Table S2).  While the sea state effect for Buzz was mediated by both 301 

surface angle and depth, only the interaction term with surface angle was supported for log(CR). 302 

Click rates decreased slightly with increasing sea state at shallow surface angles (Fig. S9, Table 303 

S3). However, the model underestimated high click rates (see model diagnostics indicating poor 304 

performance in Fig. S9) and in the raw data, there was no clear pattern with sea state after 305 

controlling for depth (Table 4, Fig. 5, Table S2). Indeed, both interclick interval and click rate 306 

showed more substantial variation with depth than sea state and sonar exposures (Fig. 4, Fig. 5). 307 

Sea state also gained support in models for fluke stroke rate (p=0.014 in exposure models and 308 

p=0.003 in nonexposure models, Table S3), with stroke rates decreasing with increasing sea state 309 

(Table S2, Fig. S7).  310 

Experimental exposure covariates were not supported at the 0.83% level, with the sole 311 

exception of SELsp_CASfacing as an explanatory covariate for ODBA. This supports a single cut-312 

off for orientation-dependent masking release from received SEL from CAS exposures when the 313 

sonar angle exceeded 90̊ sonar angle. A main effect from sonar SEL was supported at 5% level 314 



 

for log(ODBA) and Buzz, and in both cases, the support for the effect increased slightly with the 315 

single cut-off for masking release at ≥ 90̊ sonar angle (SELsp,facing) (Table S3). The occurrence of 316 

buzzes (following regular click trains) and ODBA were estimated to decrease with increasing 317 

sonar SEL (Table S3); a reduction in minimum specific acceleration (MSA) was also supported 318 

at 5% level in equivalent models for log(MSA). However, little reduction in ODBA was apparent 319 

in the raw data plots (Figs S10-11). SELsp_PAS and SELsp_CASfacing were supported at 5%, but 320 

not 0.83%, level in the model for buzz duration (p=0.011 and p=0.026, respectively). The 321 

coefficient estimates indicated a positive effect on buzz duration during CAS and negative effect 322 

during PAS (Table S3, see also Table 4). SELsp_PAS and ti(SELsp) gained support in the full 323 

model for ICI (p=0.029 and p=0.011, respectively), but the support at 5% was lost when 324 

removing unsupported covariates from the model (i.e., when only the smooth covariate for depth 325 

was included).    326 

No statistical support was found for changes in orientation in relation to sea state and sonar. 327 

Time since start of exposure (F=4.4, p<0.001), representing the effect of the experimental 328 

approach design and ship effect alone, rather than sonar SELsp (F=0.08, p=0.22), representing a 329 

potential masking effect, was supported as a smooth covariate for sonar angle in the model for 330 

spatial release from masking by sonar.  Exposure time was also supported over SELsp_CAS and 331 

SELsp_PAS, and when excluding the 2016 data (when magnetometer data were unavailable to the 332 

horizontal track estimation). The angle to the sonar source increased as a function of time since 333 

the start of exposure, which could be partly explained by the experimental design: at the start of 334 

each exposure (including no-sonar) session, the vessel approach was set perpendicular to the 335 

focal whale expected travel direction. The relationship was perhaps more linear than expected, 336 

given the source ship was expected to reach the whale location towards the end of the session 337 



 

(Fig. S12). In the model for surface angle, only the smooth covariate for depth gained support. 338 

The lack of support for sea state (t=1.2, p=0.196) was maintained including or excluding the 339 

behavior state. The diagnostics for the model are provided in Fig. S13. 340 

3.3 | Testing Lombard effect in apparent click level (AOLzp) 341 

The full model for AOLzp supported both sea state (mp1) and sonar (sp1) effects, but it had a 342 

small coefficient of determination (R2 = 8.6%), indicating substantial unexplained variability in 343 

the AOLzp data set (n=4,045 regular click trains), of which 26% were right-censored (i.e., 344 

clipped). Of the 14 deployments contributing to the data set, 5 included no clipped data, 6 had 345 

<50% of data clipped, and 3 had more than 50% clipped data. The full model provided a slightly 346 

better fit to the data than the null model for sea state (6.0%), while there was a negligible 347 

difference to the null model for sonar (8.8%). Both the full and null model posteriors for the sea 348 

state masking potential (mp1) parameter were centered away from zero; however, the 95% 349 

interval was narrower in the full model (4.5) than in the null model (6.4). While the lower bound 350 

of the sonar parameter (sp1) in the null model was close to zero (posterior median 0.06, 95% 0.00 351 

– 0.17), in the full model it was estimated to be further away from zero (median 0.42, 95% 0.05-352 

0.79).   353 

Apparent output from buzz clicks decreases with shorter interclick interval in sperm whales 354 

(Isojunno and Miller 2018). To check that the model result wasn’t driven by behavior response 355 

that involved changes in interclick interval, the model was fitted with an additional linear 356 

covariate representing inspection range. The inspection range was calculated as (ICI-357 

12)/1000/2*1490ms-1 (Isojunno and Miller, 2018), providing interpretable units for the model 358 

estimates. The coefficient of determination of this model was substantially higher (24.7%). The 359 

posterior mean estimate for mp1 was only slightly lower (median 7.58, 95% range 5.7-9.6) while 360 



 

the posterior distribution for sp1 was virtually unchanged (median 0.42, 95% range 0.08-0.78) 361 

compared to the posterior estimates in model excluding Range (Table S4) – suggesting that the 362 

effects were not driven by inspection range alone. 363 

An exploratory analysis of AOLzp showed no clear changes with sea state, sonar exposure, 364 

depth, surface angle or sonar angle (Fig. 6). With a cautionary note on the high unexplained 365 

variability, posterior model predictions for AOLzp are shown in Fig. 7. The model estimates 366 

supported 2-7 dB increase in AOLzp with sea state (Beaufort 1-5) when the whales faced the sea 367 

surface at relatively shallow depths (<400 m). The estimated increase in AOLzp with received 368 

SELsp (from CAS and PAS combined) was relatively small and uncertain: at the highest received 369 

levels (170 dB re 1 μPa2 s), the AOLzp was estimated to increase by 4.4 dB (95% CRI: 0.6, 8.5), 370 

equivalent to the effect of sea state 3.5 at that depth (and surface angle < 90 deg). 371 

4 | DISCUSSION 372 

We set out to test indicators of masking in the echolocation behavior of sperm whales during 373 

different ambient masking conditions and as a function of received sonar exposures (Table 1). 374 

Most of the statistical test results showed no effect with the candidate covariates expected to 375 

mediate masking potential (sea state, received level of sonar) and masking release (depth, surface 376 

angle, sonar angle), indicating relatively stable foraging and echolocation behavior throughout 377 

different sea states and sonar exposures. Nevertheless, small reductions in buzz occurrence and 378 

locomotor activity were observed that were consistent with previously documented cessation of 379 

foraging during these controlled exposure experiments (CEEs) (Isojunno et al., 2020). While 380 

orientation-mediated effects of sea state gained some support, there was no evidence for active 381 

change in orientation in response to sonar exposures. Models incorporating orientation-dependent 382 



 

masking release found a Lombard effect in echolocation due to sea surface noise, despite data 383 

limitations. The estimated effect was small compared to variation associated with changes in 384 

depth and inter-click interval. By contrast, we found strong depth-dependency in almost all the 385 

tested response variables, which could be driven by factors other than ambient noise, such as prey 386 

behavior or ambient pressure. 387 

Theoretical modelling of masking potential predicted that regular echolocation clicks used 388 

during the search phase would be continuously masked at levels of Lp,1-2kHz of 160 dB re 1 µPa, 389 

which corresponds roughly to the SEL = 160 dB re 1 µPa2s for PAS, and the SEL = 173 dB re 1 390 

µPa2s for CAS during these experiments (von Benda-Beckmann et al., 2021). Buzz clicks were 391 

predicted less likely to be masked (in terms of detection range) due to the proximity to the prey 392 

when buzzes are produced (von Benda-Beckmann et al., 2021). These exposure levels correspond 393 

to the highest levels achieved during our experiments (n=75 and 8 regular click trains during 394 

CAS, and n=8 and 2 trains during PAS were measured ≥160 and ≥170 dB re 1 µPa2s, 395 

respectively; see also Table 3). During the PAS sonar the masking for all these cases would be 396 

expected only to occur for a limited period due to the low (5%) duty cycle. Our empirical results 397 

combined with the theoretical predictions by von Benda-Beckmann et al. (2021) support that 398 

masking potential of sperm whale echolocation is limited for the exposure conditions tested in 399 

this study. That said, it is possible that we didn’t have sufficient sample size for the expected 400 

masking-inducing conditions (whale facing towards the source at high SPL and ambient noise 401 

conditions) to detect the hypothesized effects. Furthermore, cessation of feeding reduced sample 402 

size for the analysis of echolocation clicks.  403 

We couldn’t find strong support for the hypothesized patterns in the data indicators, 404 

predictably perhaps given the myriad of factors that can influence echolocation masking (Luo et 405 



 

al., 2015), expected discontinuous masking conditions during these experiments (von Benda-406 

Beckmann et al., 2021), and the lack of experimental control for echolocation targets and ambient 407 

noise in observational systems such as ours. However, in-situ studies of anthropogenic masking 408 

are needed to fill the data gap on the context-dependencies of auditory masking (Hotchkin & 409 

Parks, 2013). We remain optimistic that such effects could be quantified for noise sources with 410 

sufficient masking potential and with accurate and precise measurements of 1) received levels 411 

and spectra of anthropogenic noise (the masker of interest), 2) ambient noise levels (the baseline 412 

masker), 3) animal source characteristics (the signals of interest), 4) animal behavior (potential 413 

antimasking), coupled with 5) sufficient sample size and/or experimental control across the 414 

multiple factors that influence masking. We discuss each point below, both with respect to our 415 

study and as recommendations for future research. 416 

Medium or high received levels of anthropogenic noise are relatively straightforward to 417 

measure and estimate with the available sound recording archival tags (Johnson & Tyack, 2003). 418 

One key question is which sound metric is the most relevant for describing auditory masking 419 

potential. Clearly, metrics such as a maximum sound pressure level calculated over a long 420 

integration window ignore the finer temporal structure of received signals – and thus do not 421 

account for overlap in the time domain. However, sound exposure levels (SEL) of signals with 422 

different intermittency might not scale linearly with their masking potential (Branstetter et al., 423 

2013; Cunningham et al., 2014; Erbe, 2008) – which is why we opted to consider both combined 424 

and separate single-pulse SEL from the CAS and PAS exposures. However, due to presence of 425 

clicks on the DTAG and system noise, it was challenging to get reliable measurements of the 426 

actual noise distribution the animal was facing. Another key consideration is the frequency band 427 

of the masker. Here we examined the effect of a relatively narrow-band and tonal masker (1-2 428 



 

kHz upsweeps, though harmonics were present at high source levels; (von Benda-Beckmann et 429 

al., 2021)) on broadband echolocation clicks – the opposite of most masking studies that have 430 

considered broad-band masking sounds (e.g., white noise) on relatively narrow-band signals 431 

(Erbe et al., 2016; Hotchkin & Parks, 2013). For example, Tressler and Smotherman found 432 

different effects of broad-band and band-limited noise on bat echolocation (Tressler & 433 

Smotherman, 2009). Harmonic levels of the sonar systems can be used to extrapolate sonar levels 434 

measured in the main sonar band to higher frequencies but show substantial fluctuation over time 435 

(von Benda-Beckmann et al., 2021). Therefore, our results with respect to sonar should not be 436 

extrapolated to broadband masker signals, which may have greater masking potential on sperm 437 

whale echolocation. 438 

Ambient noise levels in the environment fluctuate both in space and time (Hildebrand, 2009). 439 

This variation would ideally be captured by direct measurements of ambient noise. Animal-borne 440 

noise measurements (SPLrms) were made in short time windows prior to each regular click train, 441 

which increased with sea state (1 dB when increasing sea state from 2.5 to 4) and decreased with 442 

dive depth (-2.7 dB between 100 and 1,000 m). Sea state and depth explained around 10% of the 443 

SPLrms noise measurements (high-pass filtered >2 kHz), but also vertical speed and sonar 444 

exposures influenced the measurements (further details in Supplementary material). Measuring 445 

ambient noise on animal-born tags is complicated by many different factors, i.e., due to presence 446 

of flow-noise, noise from the nearby research vessel, body shielding, sounds produced by both 447 

the tagged whale and conspecifics, splashes near the surface and air bubbles trapped around the 448 

tags, and system noise (von Benda-Beckmann et al., 2021, 2016). We therefore opted to use the 449 

field-estimated sea state as a log-transformed proxy variable for ambient noise resulting from sea 450 

surface noise. However, with the potential for depth-dependent effects, incorporating this proxy 451 



 

required additional interaction covariates, which complicated data visualizations and increased 452 

the number of estimable parameters in the statistical models. Alternatively, noise level 453 

measurements can be made using passive acoustic monitoring (PAM) devices not attached to the 454 

subject animals, such as bottom-mounted acoustic recorders or towed arrays; an approach proven 455 

successful in detecting Lombard effects in less directional marine mammal communication calls 456 

(e.g., Holt & Schusterman, 2007; Thode et al., 2020). As well as noise measurements, at shorter 457 

ranges PAM could also be used to record and track subject animals, which in combination with 458 

noise modelling and animal-borne sensing could be a powerful means to obtain concurrent 459 

ambient noise and animal behavior data. 460 

The characteristics of the animal’s signals – amplitude, spectral and temporal patterns – are 461 

fundamental to understanding their potential to be masked. A disadvantage of using animal-462 

attached hydrophones to study echolocation is that the recordings are made off the main axis of 463 

the source acoustic beam: for cetaceans, tags are often deployed on the back of the animal or in 464 

some cases, on the head. As such, changes in signal characteristics measured off-axis could be 465 

the result of changes in the source signal, or changes in the acoustic beam pattern such as greater 466 

directionality (Zimmer & Tyack, 2005). Furthermore, when attached remotely (without capture), 467 

unavoidable variation in tag placement can cause variation in apparent levels between 468 

deployments (here analyzed as a random effect). Though similarly affected, social and 469 

communication call outputs can be expected to be less directional compared to echolocation. 470 

Another challenge working with echolocating species is that the echoes can be difficult to 471 

characterize, even detect, further away from the source and when shielded by the animals’ body, 472 

as is the case for tagged sperm whales (Tønnesen et al., 2020). To address echolocation masking, 473 

study systems where tag position is standardized (e.g., in capture-release programs) and where 474 



 

received prey echoes can be detected (e.g., in beaked whales, Madsen et al., 2005) would be more 475 

optimal. Such measurements could be used to proxy echo-to-noise ratios which are key to 476 

quantify whether masking actually takes place (Au et al., 1988; Au & Penner, 1981; Griffin et al., 477 

1963; Luo et al., 2018). 478 

Clipping of tagged-whale clicks was prevalent in our recordings (26% of the measured AOLzp 479 

data points). This was expected, given that sperm whale source levels can exceed 220 dB re 1 480 

µPa m (Møhl et al., 2000); even lower (<-12 dB) gain hydrophones could be added, or less 481 

powerful sources may provide a better model species for future work. Nevertheless, statistical 482 

models that explicitly incorporate right-censored data can be useful to simultaneously quantify 483 

changes in the unclipped levels, and the probability of clipping. Our right-censored regression 484 

model fitted in a Bayesian framework provides a useful tool to make the most of existing clipped 485 

data and in recordings where clipping is unavoidable, provided that a sufficient amount of 486 

variation is present below the clipping level. The models estimated an increase in AOLzp with sea 487 

state and received SELsp when the whale was facing towards the sea surface (<100º) and the 488 

sonar source (<30º), respectively, consistent with a Lombard effect and spatial masking release. 489 

Depending on the surface angle, the sea state effect disappeared at depths exceeding 300-800 m 490 

(Fig. 7). However, given the variability in the off-axis levels and the clipping issue, and the lack 491 

of any visible pattern in the raw data (Fig. 6), we consider this result highly uncertain and urge 492 

replication studies to further test it – ideally with more precise source level measurements and 493 

greater masking levels in the main echolocation band. 494 

High-resolution animal-borne sensors provide an opportunity to measure fine-scale changes in 495 

acoustic and movement behavior for disturbance response studies (Johnson and Tyack, 2003). In 496 

our analysis we attempted to account for animal orientation, however broad sonar angle 497 



 

categories (0-45 degrees) had to be used to retain sufficient data points. This may have limited 498 

our ability to detect effects, as masking release may already be effective at smaller angles (Au & 499 

Moore, 1984).  As with any bio-logging data, a key challenge is matching multivariable time 500 

series data with complex shifts in animal behavior and formulating testable hypotheses. To this 501 

end, we hope that our “masking indicators” hypotheses (Table 1) can inspire further bio-logging 502 

data analyses for echolocating odontocetes. Nevertheless, it is important to keep in mind that a 503 

change in one indicator alone does not provide conclusive evidence of masking. For example, 504 

cessation of foraging could be associated with a fear response, rather than giving up due to 505 

masking. It is the suite of effects and their association with specific conditions expected to 506 

increase masking (e.g., facing towards a source) that would provide more convincing evidence of 507 

actual masking effects.  508 

While we were able to control sound exposure levels as part of our experimental dose-509 

escalation design, multiple environmental factors (e.g., prey, weather) and individual and 510 

behavior context variables (e.g., age, experience, dive depth) were not within our control. For 511 

modelling of masking, prey type and associated target strength are substantial sources of 512 

uncertainty (von Benda-Beckmann et al., 2021). Many cephalopod species are relatively weak 513 

targets (Madsen et al., 2007), but could be more detectable in large schools (Tønnesen et al., 514 

2020). Similarly, fish may or may not contain swim bladders, swim individually or in schools. 515 

Vertical stratification of prey may have contributed to the depth-dependent echolocation behavior 516 

(Isojunno & Miller, 2018). The longer and more active buzzes during shallower dives are 517 

consistent with previous analyses of sperm whale echolocation behavior (Isojunno and Miller, 518 

2018; Teloni et al., 2008). However, ambient pressure, light and sea surface noise are also 519 

expected to vary as a function of depth and therefore confound the interpretation of one factor as 520 



 

the driver of echolocation. One approach to tackle the multifactorial problem of masking is by 521 

introducing experimental control; the other is to collect more data to ensure coverage across the 522 

multivariate factors of interest, exploiting accumulating bio-logging datasets on ever larger 523 

numbers of cetacean species. Automated click detection on large numbers of existing DTAG 524 

recordings from multiple studies could be used to achieve such a sample size. 525 

In conclusion, our study provides a useful quantitative baseline and an exhaustive evaluation 526 

of potential sonar effects on sperm whale foraging and echolocation behavior, highlighting the 527 

complexities involved in attempting to detect auditory masking on free-ranging cetaceans. Using 528 

theoretical considerations, von Benda-Beckmann et al. (2021) predicted that there is some 529 

potential for masking by CAS in sperm whales in certain conditions (when facing towards the 530 

source and in increased ambient noise, and for the highest sonar exposure levels tested here), but 531 

here we found few behavioral indications of such. Our data show that sperm whale foraging and 532 

echolocation behavior are highly depth-dependent, consistent with previous works suggesting 533 

vertical stratification of prey and pressure effects on pneumatic sound production as important 534 

drivers (Isojunno & Miller, 2018; Madsen et al., 2002). Indications of an orientation-dependent 535 

Lombard effect and reduced foraging (fluke stroke rates, buzzing) at relatively shallow depths 536 

(<500 m) with greater sea state warrant replication studies on masking in cetacean echolocation. 537 

In many cases marine mammal social sounds can be expected to be more susceptible to 538 

anthropogenic masking than echolocation, due to greater frequency band and temporal overlap 539 

for example, also inviting further study. We urge such future efforts to take advantage of marine 540 

bio-logging technology to further our understanding of anthropogenic masking of marine 541 

mammal sounds. 542 
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Table 1. Hypotheses and behavioral indicators for auditory masking in odontocete echolocation  761 

 Hypothesis Mechanisms Data indicators 

F
o

ra
g

in
g

 e
ff

o
rt

 a
n

d
 s

u
cc

es
s 

1 Reduced foraging 

effort 

The net benefit of foraging is 

reduced, leading whales to give up 

foraging and to switch to a different 

behavior, or reduce locomotory 

effort within foraging states 

Cessation of foraging behavior, support for 

switching from foraging to non-foraging 

active state published in Isojunno et al. 

(2020), or reduced pitching effort / fluke 

rates during foraging dives (Miller et al., 

2009) 

2 Reduced foraging 

success 

Prey capture success is reduced, 

which may also lead whales to give 

up during prey capture attempts 

and/or pursue fewer prey 

Reduced buzzing within foraging states 

(Isojunno et al., 2020), reduced buzzing 

following searching behavior; fewer pauses 

following a buzz, shorter and less active 

buzzes 

3 Increased effort to 

capture prey 

Auditory interference leads whales 

to increase time and locomotory 

effort to capture prey 

Longer duration buzzes, greater 

locomotory activity during buzzes 

A
n

ti
-m

as
k

in
g

 s
tr

at
eg

ie
s 

4 Amplitude masking 

release 

Increase echo level above masked 

threshold by increasing source level 

(Lombard effect)  

Greater click source level or “apparent 

output level” (AOL) (Madsen et al., 2005) 

measured on the animal and thus measured 

“off-axis” 

Increase echo level above masked 

threshold by switching to prey type 

with greater target strength (e.g., 

from gelatinous squid to fish with 

swim bladders, or from individual to 

school targets) 

Change in vertical prey layer and/or sound 

and movement tactics during buzzing 

(Madsen et al., 2005) 

Increase echo level above masked 

threshold by reducing transmission 

loss 

Decrease target range for echolocation, 

expected to translate to shorter inter-click 

intervals (ICI) 

5 Spectral masking 

release 

Reduce overlap with the masker in 

the frequency domain by shifting the 

spectral content of echolocation 

Change in the frequency content of source 

clicks 

6 Temporal masking 

release 

Reduce overlap with the masker in 

the time domain by shifting the 

timing of echolocation  

Change in timing or rate of echolocation 

(click rates) 

7 Spatial masking 

release 

Reduce overlap with the masker in 

space by facing away from the noise 

source 

Increase 3D angle away from noise source 

(e.g., sea surface, or an underwater 

anthropogenic noise source) 

Reduce overlap with the masker in 

space by changing position away 

from the noise source 

Horizontal or vertical avoidance to increase 

distance from the source 

 762 

 763 

764 



 

Table 2. Data variables tested in relation to each hypothesis (listed in Table 1). The data were 765 

measured either for each terminal echolocation run (‘buzzes’), or each search (“regular click”) 766 

echolocation train, separated by a pause or buzz. Hypothesis 1 was tested in Isojunno et al. (2020) 767 

and Hypothesis 5 was deemed not possible to test with the present data set. “Models” column 768 

lists tested model structures for each response variable (Table S1). 769 

Hypothesis Variable (units) Short name Dataset Models 

2 Pause presence following a buzz (zeros/ones) Pause Buzzes 1-6 

2 vs 3 Buzz duration (s) Duration 1-6 

2 vs 3 Buzz ODBA rms, divided by deployment median (unitless) ODBA 1-6 

1 Fluke stroke rate (/s) Stroke rate Regular 

click 

(RC) 

trains 

1-6 

2 Buzz presence following a regular click train (zeros/ones) Buzz 1-6 

4 AOL of the first regular click of the train (zero-to-peak, dB) AOLzp 9-12 

4 First ICI of the regular click train (s) ICI 1-6 

6 Click rate of the regular click train (s) (inverse of median ICI) CR 1-6 

7 Facing angle to the sea surface (deg) directly above at RC start Surface angle 7 

7 3D angle to the sonar source (deg) at RC start (deg) Sonar angle 8 

7 Depth at the start of regular click train (m) Depth 1-9,12 

 770 



 

Table 3. Summary of collected data and sample sizes for analysis.  771 

Tag ID Presented sequence of 

exposures 

Baseline-post CAS MPAS HPAS Sea state SEL 

max RC Buzz RC Buzz RC Buzz RC Buzz 

sw16_126a CAS, MPAS, HPAS 387 (490) 67 (74) 28 (28) 3 (3) 0 (32) 0 (0) 22 (35) 0 (0) 1-3 168 

sw16_130a NS, MPAS, CAS 152 (178) 50 (54) 7 (7) 1 (1) 18 (18) 6 (6) 
  

3-4 165 

sw16_131a NS 58 (270) 13 (39) 
      

2.5-2.9 NA 

sw16_134a NS 67 (67) 21 (21) 
      

2.3-2.5 NA 

sw16_134b NS, CAS, HPAS, MPAS 256 (270) 104 (110) 15 (15) 6 (6) 12 (18) 5 (7) 13 (13) 4 (4) 1-2.5 170 

sw16_135a NS, HPAS, CAS, MPAS 331 (375) 101 (113) 21 (21) 6 (6) 26 (26) 6 (6) 11 (11) 3 (3) 1-4 172 

sw16_136a NS, CAS, MPAS, HPAS 239 (282) 56 (64) 15 (15) 3 (3) 7 (13) 1 (1) 14 (14) 0 (0) 2.5-5 176 

sw17_180a NS, HPAS, MPAS, CAS 209 (324) 72 (101) 0 (23) 0 (9) 11 (11) 1 (1) 11 (14) 4 (4) 0.5-3.9 168 

sw17_182a* NS, MPAS, CAS, HPAS 42 (382) 16 (134) 0 (16) 0 (3) 
  

0 (17) 0 (3) 1.2-3 NA 

sw17_182b NS, MPAS, CAS, HPAS 191 (227) 64 (75) 8 (14) 2 (5) 11 (14) 1 (3) 3 (4) 0 (1) 1-2 167 

sw17_184a NS, CAS, HPAS 280 (338) 85 (97) 16 (16) 3 (3) 
  

0 (10) 0 (3) 2-4 158 

sw17_186a* NS, HPAS, CAS, MPAS 0 (593) 0 (146) 0 (22) 0 (12) 0 (0) 0 (0) 0 (43) 0 (27) 
 NA 

sw17_186b NS, HPAS, CAS, MPAS 338 (370) 219 (234) 10 (10) 2 (2) 13 (13) 9 (9) 34 (34) 25 (25) 2-5 157 

sw17_188a NS, MPAS, HPAS, CAS2 407 (462) 165 (185) 38 (38) 9 (9) 39 (39) 16 (16) 17 (30) 12 (19) 1-3 176 

sw17_191a NS, HPAS, MPAS 489 (489) 196 (196) 
  

18 (18) 0 (0) 10 (10) 7 (7) 0.5-3 161 

Note: Tag identifiers consist of the species code (sw = sperm whale), year, and Julian date. Sample sizes (number of regular click 772 

trains [RC] or buzzes) are given for baseline and each exposure type (NS = no-sonar approach, CAS = continuous active sonar, CAS2 773 

= two consecutive CAS exposures, MPAS = medium-level pulsed active sonar, HPAS = high-level pulsed active sonar). Brackets 774 

show total sample size when including click trains with unknown sea state data (tagged whales > 6 km from the observation vessel). 775 

Range of sea state (min, max) and maximum SEL values present in the analyzed dataset for each tag deployment are also given. Empty 776 

cells indicate lack of exposure data (except for nonfocal whales marked as *, exposure data which were not included in the analysis). 777 
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Table 4. Mean and standard deviation (SD, in brackets) calculated across tag deployment means 778 

during different Beaufort sea states (SS; baseline/post-exposure data) and experimental 779 

conditions, excluding data from >500 m dive depth (to control for change in ambient noise from 780 

sea surface at depth; please see Table S2 for full data set). Note that received SELsp varied during 781 

the sonar exposures. NA = data from a single tag deployment, not possible to calculate SD. 782 

Data Variable SS ≤ 2 SS 3 SS ≥ 4 No-sonar MPAS HPAS CAS 

B
u

zz
es

 

Pause  

% 

48.7 

(32.8) 

26.5 

(28.9) 

0  

(NA) 

35.4  

(37) 

51.6 

(45.4) 

42.4 

(33.1) 

10.7 

(15.4) 

Duration (s) 

21.2  

(6) 

19.2 

(4.6) 

17.3 

(NA) 

17.4  

(7.5) 

16.5  

(4.8) 

18.5  

(9) 

15.5 

(4.7) 

ODBA 

(unitless)  

3.3 

(0.85) 

3.7 

(0.67) 

3.41 

(NA) 

3.34 

(0.72) 

3.06 

(0.89) 

2.93 

(0.59) 

3.34 

(1.25) 

R
eg

u
la

r 
cl

ic
k

 t
ra

in
s 

Buzz  

% 

24.8 

(12.8) 

21.7 

(9.6) 

10.5 

(14.9) 

23.6 

(14.3) 

12.1 

(16.3) 

18.6 

(21.1) 

17.4 

(12.1) 

AOL * 

(dB) 

181.8 

(5.5) 

178.9 

(6.9) 

176.2 

(9.9) 

181.4 

(5.9) 

179.3 

(7.3) 

179.2 

(7.9) 

179.2 

(9.1) 

Stroke rate 

(/min) 

4.3 

(1.2) 

4.0 

(0.7) 

4.0 

(0.2) 

4.4  

(1.0) 

4.3 

(1.3) 

4.3 

(1.9) 

4.2 

(1.3) 

ICI  

(s) 

0.88 

(0.3) 

0.78 

(0.18) 

1.09 

(0.57) 

0.82 

(0.11) 

0.82 

(0.23) 

0.88 

(0.28) 

0.89 

(0.4) 

CR  

(/s) 

1.41 

(0.31) 

1.74 

(0.55) 

2.08 

(1.5) 

1.61 

(0.61) 

1.58  

(0.5) 

1.49 

(0.49) 

1.55 

(0.52) 

Surface angle 

(°) 

109.2 

(20.3) 

104.2 

(8.9) 

119.7 

(22.6) 

107.6  

(23) 

105.7 

(18.6) 

104.3 

(22.2) 

108.9 

(20.1) 

Sonar angle 

(°) 

98.2 

(15.2) 

93.4 

(23.6) 

118 

(0.6) 

96.8 

(32.7) 

88.2  

(32) 

98.7 

(40.9) 

103.3 

(31.3) 

Depth  

(m) 

195 

(78) 

183 

(67) 

171 

(26) 

187  

(88) 

163 

(46) 

187 

(91) 

152 

(88) 

* Clipped values included  783 

784 
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FIGURES 785 



 

41 

 786 

Figure 1. Start and end depths of buzzes (purple) and regular click trains (gray) as a function of exposure time (before and after start 787 

of exposure at 0 min). Greater line width indicates a smaller angle towards the sonar source (Sonar angle, degrees). 788 
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 789 

Figure 2. Surface angle (whale pitch expressed as degrees away from directly above) and 790 

sonar angle (angular difference between whale movement direction and bearing to source vessel, 791 

degrees) at the beginning of regular click trains both during and outside sonar exposures (blue = 792 

CAS continuous active sonar, red = PAS pulsed active sonar with triangles indicating HPAS and 793 

circles MPAS exposures). Solid gray circles indicate baseline/post periods and hollow circles no-794 

sonar exposures. Note there was no apparent differences in surface and sonar angles during sonar 795 

exposure periods as expected by spatial masking release (Hypothesis 7, Table 2). 796 
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 797 

Figure 3. Observed (gray) and model-predicted values (blue) for pause occurrence following 798 

buzz trains (Pause), buzz duration (Duration), buzz locomotory activity (root-mean-square 799 

overall dynamic body acceleration; ODBA), buzzing occurrence following regular click trains 800 

(Buzz), regular Interclick intervals (ICIs) and regular clicking rates (CR). nonexposure model 801 

predictions were made as a function of depth and for those full models that supported the effects, 802 

Beaufort sea state (0-5, with the highest sea sate 5 indicated in cyan), with surface angle fixed to 803 

90 degrees. Dashed lines show normal confidence intervals at Beaufort sea state 3. Note the 804 

relatively small differences between sea states (multiple solid lines within a panel) compared to 805 

the relatively large variation in the metrics as a function of depth. 806 
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 807 

Figure 4. Interclick interval (ICI) at the start of regular click trains at different sea states and 808 

pitch angles (initial pitch of the train both during exposure and nonexposure periods (CAS = 809 

continuous active sonar, PAS = pulsed active sonar). According to Hypothesis 4 (Table 1), sperm 810 

whales were expected to reduce inspection range and therefore interclick interval in conditions 811 

with greater masking potential (during high sea states, sonar and when facing the noise source). 812 
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 813 

Figure 5. Regular click rates at different sea states and pitch angles both during exposure and 814 

nonexposure periods (CAS = continuous active sonar, PAS = pulsed active sonar). According to 815 

Hypothesis 6 (Table 1), sperm whales were expected to mediate the temporal pattern of their 816 

echolocation (click rates) with respect to the masking conditions. 817 
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 818 

Figure 6. Apparent output level (zero-to-peak sound pressure, dB re 1 µPa) (AOLzp) of regular clicks within each tag deployment 819 

(connected lines) as a function of sea state and received sound exposure level (SEL) during exposures, at different depths, surface, and 820 

sonar angles (blue = CAS continuous active sonar, red = PAS pulsed active sonar). Transparent symbols show raw data, solid symbols 821 

averages within sea state and SEL bins. Note: clipped values are included. According to the amplitude masking release Hypothesis 4 822 

(Table 1), AOLzp was expected to increase with sea state (especially when facing the sea surface at shallower depth) and with greater 823 

received level of sonar (especially when facing the sonar source). 824 
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 825 

Figure 7. Estimated change in apparent output level (zero-to-peak pressure, dB) (AOLzp) of regular clicks at the start of click trains 826 

as a function of sea state (numbered lines) and received sound exposure level (SEL; bottom right panel shows effect at received SEL of 827 

90, 130, and 170 dB re 1 µPa2 s), at different depths and angles to surface/sonar source. Solid lines show posterior medians, dashed 828 

lines 95% credible interval (blue: lower, red: upper). The model explained 8.6% of the AOLzp values. 829 


